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SUMMARY 


At  the  present  time,  detection  of  nonmctaUic  landmines,  of  both  the  antipersonnel 
and  antivehicnlar  varieties,  is  an  important  technological  problem  facing  the  U.S.  Army, 
because  of  the  great  differences  found  among  nonmctaUic  mines  produced  throughout 
the  world  (including  a host  of  field-expedient  devices  recently  employed  in  Southeast 
Asia),  and  because  of  the  wide  variation  in  soil  types  and  conditions  found  in  even  a 
limited  theater  of  operations,  identification  of  a unique  mine  signature  has  proven  to  be 
a most  difficult  task.  Perhaps  the  only  attribute  which  all  nonmctaUic  mines  may  be 
said  to  possess  in  common  is  an  explosive  charge.  A detection  technique  that  senses  this 
charge  is,  therefore,  to  be  considered  quite  desirable. 

Since  the  interaction  of  ionizing  radiation  within  a solid  medium  depends  ot  the 
elemental  and  isotopic  composition  of  that  medium,  the  potential  of  nuclear  research 
in  Hie  area  of  mine  detection  was  recognized  soon  after  the  dawn  of  the  nuclear  era. 

At  present,  the  known  types  of  ionizing  radiation  which  arc  available  from  either 
isotopic  sources  or  machines  of  reasonable  size  are  a . j3',  (3+ , 7,  X,  and  neutron.  Of  these, 
only  7,  X,  and  neutron  radiation  are  uncharged  and  may,  therefore,  penetrate  appreciable 
distances  into  a solid  medium  (on  the  order  of  inches  at  available  energies). 

Although  mine-detection  ‘echniques  involving  both  neutrons  and  gamma  and  X 
photons  have  been  investigated  extensively  over  the  past  several  years,  the  scope  of  this 
report  is  limited  to  gamma-  and  X-ray  backseat  ter  methods.1 

because  of  the  rather  circuitous  and  evolutionary  development  of  the  photon- 
backseat  ter  mine-detection  program,  we  have  chosen  to  present  the  results,  not  in  the 
usual  O'onologieal  order,  hut  in  a form  which  can  be  understood  most  easily.  As  a 
result,  we  sometimes  have  found  it  necessary  to  present  conclusions  prior  to  recounting 
the  detailed  work  which  led  to  them,  it  also  should  he  noted  that,  as  of  the  time  of 
writing,  effort  on  the  baekscattcr  mine-detection  approach  has  been  terminated,  in  the 
belief  that  the  limitations  of  this  approach  outweigh  its  capabilities  when  viewed  from  a 
practical  military  standpoint.  As  a result,  some  questions  have  remained  unresolved. 
Nevertheless,  we  believe  that  this  report  not  only  presents  a thorough  account  of  the 
mine-detection  research  effort,  hut  also  offers  new  insights  into  the  photon-backseatter 
process  itself.  (Shortly  before  publication  of  this  report,  we  learned  that  an  Israeli  re- 
port lias  been  written  independently  on  the  same  topic.2) 

1 An  account  of  nonmetallie  landmine  ili-trrtion  rm-un.li  mvoivinii  tin-  utilization  of  neutrons  may  tic  found  in 
W.  A,  Coleman,  it.  O.  (liiian  ii,  and  M.  Reynolds,  Nuclear  Methods  of  Mine  Detection  Vol.  Ill,  l-'inal  Kcport, 
Contract  l)AAK02-7:w:.«l3'J  (May  1974),  Alt  9194751., 

^ K.  I’reiss and  H.  l.ivant,  “firt action  of  elastic  Mines  by  (lamina  Rav  Backseat  te.rinn’’  Trims.  Israel  Nuclear  Soc. 

/,  .TO  (1975). 
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Section  I (Interaction  of  X and  ( iamma  Radiation  with  Matter)  is  essentially  a 
review  of  basic  processes  which  have  been  understood  for  some  lime  by  workers  in  the 
field.  As  such,  it  should  be  of  interest  to  readers  who  are  unfamiliar  with  the  nature  of 
these  interactions  and  who  are  interested  in  the  fundamentals  upon  which  baekscatlc* 
mine  dejection  is  based. 

Section  II  (The  ihvkscatter  Spectrum)  presents  in  some  detail  the  dependence  • I 
the  baekscatter  spectrum  on  various  parameters  and,  therefore,  should  be  of  partieui  t. 
interest  to  individuals  involved  in  nuclear-gauge  design.  The  conclusions  presented  in 
this  section  rest  in  part  on  the  work  discussed  in  section  III  and  on  the  basic  ihe.  ry  in 
section  I. 

Section  111  (History)  is  a chronological  account  of  developmental  efforts  from  1968 
through  l()78.  Section  IV  (Delivered  Hardware)  briefly  describes  the  end  items  d livered 
to  rSAMKKDO  under  this  program  by  its  contractors  and,  in  »*n  unclassified  context, 
discusses  the  capabdities  and  limitations  of  each. 
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cluding experiments  and  computations  performed  in-house,  hy  contractors,  and  by 
other  government  organizations;  personal  communications;  and  published  literature. 
Every  effort  has  been  made  to  reference  those  eases  where  the  efforts  of  others  have 
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THEORY  AND  APPLICATION  OF  X RAY  AND  GAMMA-RAY 
BACKSCATTER  TO  LANDMINE  DETECTION 


I.  INTERACTION  OF  X AND  GAMMA  RADIATION  WITH  MATTER 

1.  General.  Both  gamma  and  X radiation  consist  of  photons  (quanta  of  electro- 
magnetic energy)  which  may  he  characterized  by  a wavelength  X or  an  energy  E.  The 
factors  X and  E are  related  by  X a 12.4/E,  where  X is  in  angstroms  (1  A = 10‘8em)  and 
E is  in  kiloeleetron  volts  (keV).  For  purposes  of  the  present  discussion,  gamma-  and 
X-ray  photons  of  a given  energy  may  be  said  to  react  identically  with  matter;  they 
differ  only  in  their  method  of  production.3  Gamma  photons  are,  emitted  by  nuclei 
undergoing  a transition  from  a higher  to  a lower  energy  state;  X-ray  photons  are  emitted 
either  by  electrons  undergoing  a transition  from  one  atomic  energy  level  to  another  or 
by  high-energy  electrons  being  slowed  down  by  coulombic  interactions  (predominantly 
with  nuclei)  in  a material  medium.  This  second  type  of  X-ray  photon  is  the  most  prev- 
alent one  produced  by  X-ray  generators  and  often  is  referred  to  as  bremsslrahlung,  or 
“braking  radiation.”  For  convenience,  then,  the  term  “photon”  will  be  used  to  denote 

a quantum  of  either  X or  gamma  radiation  unless  one  or  the  other  is  specifically  intended. 

Whan  a photon  impinges  on  a region  containing  matter,  there  are  three  main 
interactions  which  may  occur:  photoelectric  absorption,  pair  production,  and  Compton 
scattering.  The  relative  probabilities  of  occurrence  of  these  processes  depend  on  the 
energy  of  the  photon  and  the  atomic  number  (Z)  of  the  medium  Figure  1 shows  the 
conditions  under  which  each  of  these  effects  is  dominant.4  The  two  lines  separating  the 
regions  of  dominance  denote  the  conditions  of  equal  probability.  (Photonuclcur  reac- 
tions and  Rayleigh  scattering  will  not  be  considered  in  this  report,  since  the  threshold 
for  the  former,  for  all  stable  isotopes  except  the  very  lightest  ones,  is  ~ 8 MeV,  and  since 
the  latter  is  of  importance  only  for  photons  of  energies  too  low  to  be  of  interest.) 

2.  Pair  Production.  Pair  production  is  the  creation  of  an  electron/positron  pair 

by  the  conversion  of  photon  energy  to  matter,  usually  in  the  neighborhood  of  the  nucleus. 
Because  the  electron  and  positron  rest  masses  are  each  equal  to  0.51 1 MeV/e2 , the  mini- 
mum photon  energy  required  for  this  process  is  1 .022  MeV.  Incident  photon  energy  in 
excess  of  1.022  MeV  appears  as  kinetic  energy  of  the  electron  and  positron,  and,  to  a 
negligible  extent,  of  the  nucleus.  The  atomic  cross  section  for  pair  production  (a/c)  in- 
creases with  atomic  number  squared  (Z2 ) and  with  incident  photon  energy  in  a rather 

‘ Strictly  speaking,  this  is  true  in  the  present  case  only  because  we  may  neglect  polarization  (i.c.,  we  shall  not  be 
concerned  with  gamma  radiation  from  nuclei  aligned  in  an  external  field  or  with  thin-target  bremsslrahlung). 

4 

R.  I).  Evim,  The  Atomic  N tit  le  us,  New  fork,  McGraw-Hill  ( 1955),  p.  712. 
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more  complex  manner.  It  should  he  noted,  however,  that  pair  production  does  not  be- 
come a major  mode  of  interaction  for  low-Z  materials  (including  soils  and  explosives) 
for  photon  energies  below  ~ 10  MeV.  Since  available  radioisotopes  do  not  emit  gamma 
rays  of  energies  greater  than  ~ 2 MeV,  and  since  brcmsstrahlung  sources  in  the  MeV 
range  are.  too  bulky  and  heavy  to  consider  for  field  use,  mine-detection  techniques  based 
on  pair  production  are  not  considered  promising,  and  pair  production  will  not  be  con- 
sidered further. 

3.  Photoelectric  Absorption.  Unlike  pair  production,  photoelectric  absorption 
occurs  primarily  at  low  photon  energies.  In  a photoelectric  event  the  incident  photon  is 
absorbed,  in  this  caw;  giving  up  all  its  energy  to  a bound  atomic  electron,  which  in  turn 
is  ejected  from  the  atom.  In  solid  materials,  these  ejected  electrons  are  readily  absorbed, 
thus  precluding  direct  observation  of  the  number  of  photoabsorptions  occurring.  No 
first-principles  derivation  exists  for  the  atomic  photoelectric  cross  section  (ar).  In  the 
energy  region  below  200  keV,  the  best  estimates  rely  on  high-precision,  total-attenuation- 
coefficient  measurements  and  on  subtraction  of  theoretical  estimates  of  the  attenuation 
due  to  scattering.5  6 The  dependence  of  ar  on  Z and  E in  the  ranges  of  interest  is  shown 
in  Figures  2 and  3. 7 Note  the  approximate  dependence  rev  Z5/E3  in  this  range.  If  the 
energy  of  an  incident  photon  is  below  the  binding  energy  of  a given  electron,  then  photo- 
absorption  by  that  electron  is  absolutely  forbidden.  Together  with  the  energy  dependence 
described  above,  this  means  that,  as  the  energy  of  the  incident  photon  decreases,  in- 
creases, reaching  a maximum  at  the  electron  binding  energy.  Any  further  decrease  in 
photon  energy  results  in  a sudden  drop  in  the  photoelectric  cross  section.'  Thus  a plot  of 
ar  versus  photon  energy  contains  a series  of  discontinuities,  or  “edges.”  These  edges 
can  be  utilized  to  form  the  equivalent  of  low-pass  filters:  a photon  beam  passing  through 
such  a filter  is  greatly  attenuated  if  it  is  of  energy  just  above  an  edge,  and  far  less  atten- 
uated if  it  is  of  energy  just  below  an  edge.  This  technique  was  utilized  to  effect  one  of 
the  height-compensation  methods  discussed  later  (paragraph  1 1). 

For  materials  with  2<  Z < 20,  atomic  weight  A — 2Z;  for  Z>20,  2Z < A< 2.6Z. 
Thus,  roughly,  the  number  of  electrons  per  unit  mass  is  independent  of  atomic  number. 
However,  since  for  photon  energies  above  the  K edge  ~ HO  percent  of  all  photoabsorp- 
tions  involve  one  of  tin*  K.  electrons  (two  of  which  are  present  in  all  atoms  with  Z>  1), 
the  portion  of  the  electron  density  which  is  of  importance  for  photoabsorption  is  in- 
versely proportional  to  Z.  As  a result,  the  macroscopic  photoelectric  cross  section  (r) 
which  is  defined  on  a per-unit-mass  basis,  has  the  approximate  functional  dependence 

■’  It.  I).  KviiiiM,  The  Atomic  Nucleus,  New  York,  McGraw-Hill  ( 1955). 

J.  II,  llubhcllund  M..I.  Ilrrinv,  "Photon  Atomic  Crum  Sections,’’  in  Hi^fineering  (Compendium  on  Radiation  Shield- 

in#,  Vo  I,  I,  It.  G.  Jai’Kcr  e i nt„  Ld.,  New  York,  Sprini'er-Vorluu  ( 196(1;,  p.  1115. 

1 K,  K.  I’lechaly  and  ,|  11.  Terrall,  Photon  On .«  Sections  - I keV  to  100  MeV,  I .awrcncc  Livermore  Laboratory 

Report  UCItL-T.O'MM!,  Vol.  VI(l<)(Mi). 
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r a Z4/EJ  for  E > IK  , where  r = ar  N/A,  IK  is  the  binding  energy  of  the  K electrons,  and 
N is  Avogadro’s  number. 


4.  Compton  Scattering.  Unlike  pair  production  and  photoabsorption,  Compton 
scattering  does  not  result  in  the  demise  of  the  incident  photon.  The  relative  probability 
of  occurrence  of  the  Compton  process  is  a maximum  at  intermediate  energies,  and  its 
effeet  is  to  alter  the  trajectory  of  the  photon,  leaving  it  at  a lower  energy,  hi  this  proc- 
ess, the  photon  interacts  with  a single  electron,  the  electron  being  considered  unbound. 
(This  is  a valid  assumption  provided  that  E ^ I for  the  interacting  electron.)  Part  of  the 
initial  photon  energy  is  transferred  to  the  electron,  leaving  the  photon  with  energy  FM 
which  depends  on  the  scattering  angle  0 as  follows: 

E,  = E/(  1 + a ( 1 - cos  0)  ] , 

where  a = E /m  e2  is  the  incident  photon  energy  expressed  in  multiples  of  the  electron 
rest-mass  energy.  Figure  4 is  a plot  of  this  equation  for  various  values  of  E and  0.8  The 
relative  probability  of  scattering  through  a given  angle  is  given  by  the  Klein-Nishina  dif- 
ferential scattering  cross  section  (see  Figure  f>):9 


**<•  °c  _ 2 (1  + e-OS2  0) 

(in  ° 2 


( 1 + a (1  + cos  0)) 


1 + Of2  (I  - cos  0)2 f 

(1  + cos2  0)[  1 - a(l  - cos  0)|  | 


The  total  probability  of  interaction  is  given  by  the  integral  of  this  equation  over  all 
scattering  angles: 


„ = 2 7T r 2 r^“XLL£)  -En(i  + 2a)"|  +—  Kn(l  + 2a)- 

'•  c ° j a 3 |_(1  + 2a)  v J 2a  v ' 


1 + da 
(1  + 2a)2 


where  r is  the  classic. >1  radius  of  the  electron  (=e2/mo<:2).  Since  the  Compton  effect 
is  an  interaction  with  a single  electron,  the  atomic  cross  section  (aoc)  is  obtained  by 
multiplying  the  electronic  cross  section  by  the  atomic  number  Z and  is,  therefore,  pro- 
portional to  the  first  power  of  atomic  number.  However,  since  electron  density  is 
approximately  independent  of  Z,  the  macroscopic  Compton  cross  section 
Jct(,  i=a0(.  N/A  (em2/g)|  is  approximately  a function  of  energy  alette.  The  Klein- 
Nishina  cross  section  has  the  following  characteristics  which  will  he  of  interest:  As  the 
incident  photon  energy  increases,  ( 1 ) the  average  scattering  angle  decreases  (i.e.,  the 
scattered -photon  distribution  becomes  more  forward-peaked),  and  (2)  the  total  scatter- 
ing cross  section  decreases. 


It.  I).  I’lvi'tix,  “Compton  I'. fleet,"  in  llantihuv.h  i Irr  I’hyaik , Vo!,  it 4,  S.  I'lUgge,  Ktl.,  Berlin,  Springer- Verlug  ( 1 95ft), 
pp.  2111-2911. 
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5.  Attenuation  Coefficients  and  Mean  Free  Path.  The  sum  of  the  pair-production, 
photoelectric,  ami  Campion  macroscopic  cross  sections  of  a medium  (K  + r + o(.)  is  de- 
fined as  the  mass  attenuation  coefficient  [/a/p  (cm2/g)|.  Typical  density  (p)  values  for 
soils  are  in  the  range  of  1 to  2 g/enr.  Figure  6 shows  approximate  values  of  k,  r,  ar, 
and  p/p  for  typical  soils  and  explosives.  The  linear-attenuation  coefficient  p fern'1 ) for 
0,02  < F < 1.0  MeV  may  he  approximated  hy  \t  + ot ) p and  has  the  distinction  of  being 
readily  measurable.  If  the  medium  is  in  the  form  of  a slab,  then 


<t>  = 0O  <**|>  (-P  x), 


where  0 is  the  narrow-beam  photon  flux  normally  incident  on  the  slab,  <f>  is  the  unde- 
flected photon  beam  emerging  from  the  slab,  and  x is  the  thickness  of  the  slab  The 
term  1/p  is  referred  to  as  the  photon  mean  free  path. 

II.  TIIK  ItACKSCATTKR  SPECTRUM 

6.  General.  Since  the  nature  of  the  mine-detection  problem  permits  access  to 
only  one  side  of  the  scattering  medium,  only  backseat tered  radiation  is  useful  in  this  con- 
text. Just  how  the  spectrum  of  backseat  tered  radiation  changes  as  a function  of  both  de- 
tector design  parameters  (source  type,  system  geometry,  and  detector  type)  and  environ- 
mental parameters  (soil  composition  and  density,  variations  in  soil  mierorolief,  and,  of 
course,  the  presence  or  absence  of  a mine)  is,  therefore,  of  principal  importance  and  will 
be  discussed  in  detail  in  the  present  section.  We  initially  will  consider  how  systems  of 
differing  geometries  respond  to  variations  in  (1 ) the  average  atomic  number  of  the 
scattering  material  (<  Z>),  (2)  density  (o),  and  (3)  operating  height  (h).  (For  conveni- 
ence, < Z>  is  defined  <m  a weight-percent  basis.) 

For  purposes  of  this  discussion,  four  system  geometries  will  be  considered. 

As  depicted  in  Figure  7,  these  geometries  are:  (a)  collimated  source  and  detector  with 
the  axes  of  eollimatim  focused  on  the  center  of  a spherical  scattering  medium; (b)  verti- 
cals collimated  source  and  detector  with  the  axes  of  collimation  separated  hy  some 
distance  <|:  (e)  isotropic  source  and  vertically  collimated  detector;  and  (d)  coaxially 
mounted,  vertically  collimated  source  and  detector.  The  scattering  medium  for  geom- 
etries (h).  (.:),  and  (d)  rvil!  he  considered  firs-  a«  semi-infinite  (i.e..  as  an  infinite  half- 
space)  of  uniform  composition  au-l  density 

7.  Components  of  the  Backseat  ter  Energy  Spectrum.  In  order  to  gain  a basic 
familiarity  will  the  backsoaltcr  spectrum,  we  initially  will  restrict  our  considerations  to 
geometry  fa).  Figure;  8 is  a pulse -I  e»gd;  spectrum  obtained  hy  utilizing  a 60 Co  source 
(F^  •-  1 . 1 7 and  1.33  M V ),  a Nal  (Tt)  d lector,  and  a spherical  aluminum  scattering 


8 


iK&wuli  ,■  js.w  n u riUM  1 1 y, 


WWWWVWWKWW^PK  .WWI^WW  l»>1^ 

,I*W|IW'(''  •sU-w**  •*  «• .. .* 1 »•,.-  


medium,  and  by  witting  the  single-scatter  angle  © = 90". 10  Note  that  there  are  two  broad 
maxima,  one  centered  at  ~ 360  keV  and  the  other  at  ~ 1 10  keV.11  The  higher  energy 
maximum  is  a single-scatter  peak  and  is  predominantly  due  to  gamma  photons  which 
pent  trate  without  energy  loss  to  the  crossover  (shaded)  region  of  the  scalterer,  scatter 
once  in  this  region  through  an  angle  of  approximately  90°,  and  exit  the  scatterer  with- 
out a second  interaction.  The  energy  of  these  photons  is,  therefore,  determined  by  the 
Compton  scattering  equation.  The  observed  breadth  of  the  single -sea  tier  peak  can  be 
explained  by  (1)  the  finite  half  angles  (01  and  02)  of  the  source  and  detector  collima- 
tors and  by  (2)  the  finite  energy  resolution  of  the  Nal  (T£)  detector  (typically  8 percent 

FWIIM). 


The  lower  energy,  broader  maximum  is  due  to  the  presence  of  multiply 
scattered  photons.  (The  discussion  in  MERDC  Report  2097  indicates  that  doubly 
scattered  photons  do  not  contribute  significantly  to  this  maximum  under  the  speci- 
fied experimental  conditions.12)  The.  presence  of  this  maximum  results  from  the 
interplay  of  two  phenomena.13  First,  the  energy  lost  per  collision  by  a photon 
undergoing  successive  collisions  decreases,  both  relatively  and  in  absolute  terms,  as 
the  photon’s  energy  is  diminished.  For  example,  a 1.33-MeV  gamma,  scattered 
through  180°,  loses  84  percent  of  its  initial  energy ; a 50-keV  gamma,  scattered  through 
the  same  angle,  loses  only  16  percent  of  its  initial  energy.  Thus,  a photon  will  lose  the 
bulk  of  its  energy  in  the  first  few  collisions  in  a medium,  after  which  it  may  scatter 
several  more  times,  without  losing  appreciably  more  energy,  before  it  is  either  scattered 
out  of  the  medium  or  photoabsorbed.  Second,  then1  is  a rapid  increase  in  the  photo- 
electric cross  section  as  the  photon  energy  decreases  (r  a F.'3).  Thus,  as  the  photon 
energy  decreases,  the  absorption-to-scatter  ratio  increases  rapidly,  resulting  in  the 
abrupt  truncation  of  the  energy  spectrum  which  may  be  noted  in  Figure  8. 

As  a consequence  of  the  above,  it  is  to  be  expected  that  the  shape  and  energy 
of  the  multiple-scatter  *ncak”  should  be  virtually  independent  of  the  source  energy,  as  , 
indeed,  may  be  siren  to  be  tier  case  from  the  spectrum  shown  in  Figure  9. 14  The  only 
difference  between  Figures  8 and  9 is  that  for  the  latter  a 137 Cs  source  has  replaced  the 
60 (Jo  source.  Note  that  although  there  is  a eorr  spending  change  in  the  single-scatter 


Tiixas  Nuclear  Corporation,  Final  Report,  Subcontract  1023-1  to  IHkcwooil  (Corporation;  Prime  Contract 
AF29(001)  4509  ( 1 902). 

**  K.  Huy  ward  amt  ,|.  II.  Hubble, J.  A(>pl.  I’hys.  25,  506  ( 1954). 

^ I''.  J„  Holler  and  I).  <».  Conley,  Computed  Energy  Distribution  of  Double -Scattered  Photons,  Obtained  for  Pur- 
poses of  Mine  Detector  Design  Analysis,  IISAMKKDC  Report  2097  ( 1974). 

V.  K.  Wccli.scllicrt'rr,  Atoiukc.rneuerijic  16,  04  ( 197(1). 

14  Texas  Nuclear  Corporation,  Final  Report,  Subcontract  1 02.1-1  to  Dikewooii  Corporation;  Print*'  Contract 
AF29  (001 ) - 4569(1902). 
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Figure  8.  Pulse-height  spectrum  of  *°Co  photons  backscattered  from  aluminum. 
(After  Texas  Nuclear  Corporation  Final  Report) 


energy  (290  keV  versus  360  kcV),  there  is  virtually  no  change  in  the  multiple-scatter 

“peak-”15 


The  . Native  amplitude  of  the  single-  and  multiple-scatter  peaks  is  a function  of 
the  crossover  depth  of  the  acceptance  cones  defined  by  the  source  and  detector  collima- 
tors. The  shallower  this  depth  (the  fewer  the  number  of  mean  free  paths),  the  greater  the 
relative  single-scatter  contribution. 

8.  Principle  of  Backs catter  Mine  Detection.  Before  leaving  geometry  (a),  one 
crucial  experiment  remains  to  be  considered.  Let  us  substitute  a graphite  sphere  for  the 
aluminum  sphere  used  previously.  By  so  doing,  we  have  altered  two  parameters:  the 
density  and  the  atom-  number  of  the  scattering  medium.  Figure  10  shows  the  spectrum 
obtained  after  making  this  substitution.16  In  order  to  facilitate  comparison,  we  also 
have  retraced  the  spectrum  of  Figure  8.  Two  things  should  be  noted.  First,  the  single- 
scatter peak  for  the  graphite  scattcrer  occurs  at  the  same  energy  as  does  that  for  the 
aluminum  (as  required  by  the  Compton  scattering  equation)  but  is  of  greater  amplitude. 
Second,  the  multiple-scatter  peak  for  graphite  is  both  of  greater  amplitude  and  extends 
to  lower  energies  than  for  aluminum.  The  first  effect  is  due  to  the  change  in  scattcrer 
density. w The  second  is  due  to  the  decrease  of  both  the  density  and  the  atomic  num- 
ber (and,  consequently,  of  the  photo-electric  cross  section)  of  the  scattering  material 
(r  a Z4).  As  a result  of  a decrease  in  <Z>,  each  photon  will,  on  average,  undergo  more 
collisions  and  survive  to  lower  energies.18  This  effect  is  of  primary  importance  in  utiliz- 
ing backseattered  radiation  for  the  detection  of  nonmetallie  landmines.  Since  the  aver- 
age a jmic  number  of  most  soils  (on  a weight-percent  basis)  is  ~ 12  (O,  Si,  Al,  Fe,  etc.), 
whereas  that  of  plastics  and  high  explosives  is  — T (H,  C,  N,  O),  more  photons  will  be 
backseattered  from  a mine  than  from  soil  in  the  low-energy  range,  where  the  photoelec- 
tric cross  section  is  appreciable.  In  addition,  since  the  probability  of  survival  is  oc/(r  + a(.) 
per  collision,  the  change  in  the  baekseatter  will  vary  roughly  as  [ a(,/(r  + cr<. ) J ^ , where  IN 
is  the  average  number  of  collisions  per  photon  history.  (It  should  be  remembered,  of 

I 

Thin  effect  has  been  noted  by  S.  Minato,  Nuel.  Set.  Engrg.  51,  32  (1973). 

Texas  Nuclear  Corporation,  Pinal  Report,  Subcontract  1023-1  to  Dikewood  Corporation;  Prime  Contract 
A1'29  (601)  -4569(1902). 

1 ‘ In  general,  the  effect  of  density  changes  on  the  magnitude  of  a single-scatter  peak  for  geometries  similar  to  geom- 
etry (a)  is  as  follows:  As  the  mass  density  and,  consequently,  the  number  of  electrons  in  scattering  volume  in- 

creases from  zero,  so  does  the.  number  of  scattering  events  occurring  in  that  volume.  However,  a maximum  exists 
al  which  point  further  increases  in  density  will  result  in  a decrease  in  the  observed  single  scatter  due  to  attenua- 
tion of  the  incident  radiation  before  reaching  the  scattering  volume  and  of  the  scattered  radiation  before  reaching 
the  detector.  Consequently,  if  the  amplitude  of  the  single-scatter  peak  falls  within  a certain  range  ( this  range  de- 
pending on  gamma-ray  energy  and  system  geometry),  it  may  denote  cither  oT  two  densities.  R.D. Gardner  and  R.L. 
Ely,  Jr..  Radioisotope  Measurement  Applications  in  Engineering,  New  York,  Kcinhold  ( 1 907),  pp.  345  ff. 

In  practice,  the  finite  dimensions  of  a scattering  medium  tend  to  rob  the  multiple-scatter  portion  of  the  spectrum 
of  its  lowest  energy  components.  Consequently,  the  low-energy  truncation  observed  in  these  experiments  is  at  a 
somewhat  higher  energy  than  is  predicted  by  moments  computations,  which  necessarily  assume  an  infinite  medium. 
L.  V.  Spencer,  National  bureau  of  Standards  (private  communication). 
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course,  that  both  r and  ac  are  functions  of  photon  energy  and,  therefore,  change  with 
each  scatter.) 

Thus  far  we  have  considered  only  relatively  high-energy  isotopic  sources  and  a 
relatively  small  scattering  angle  (90°).  By  doing  so,  we  have  been  able  to  energy -resolve 
the  single-  and  multiple-scatter  peaks  and,  thereby,  simplify  the  analytical  discussion. 

For  reasons  to  be  shown,  for  the  remainder  of  the  report  it  will  be  necessary  to  consider 
larger  scattering  angles  and  lower  source  energies.  As  a result,  it  no  longer  will  be  possible 
to  distinguish  between  single-  and  multiple-scatter  contributions  on  the  basis  of  energy, 
although  both  types  of  radiation  may  be  known  to  be  present. 

9.  Selection  of  Source/Dctcctor  Geometry.  It  is  now  appropriate  to  consider  the 
three  remaining  geometries  and  to  sec  how  the  backscatter  spectrum  changes  as  a func- 
tion of  < Z>  for  each,  still  considering  only  semi-infinite  scattering  media. 

As  noted  for  geometry  (a),  the  relutive  contribution  of  single  and  multiple 
scatter  depends  on  the  composition  of  the  medium  and  on  the  depth  of  the  crossover 
region.  In  the  limit  of  an  infinite  crossover  depth,  there  would  be  no  single-scatter  con- 
tribution — only  multiple  scatter.  This  will  occur  if  the  source-  and  detector -collimator 
axes  are  parallel  (geometry  (b)).  Further,  with  this  idealized  geometry,  the  separation 
between  the  point  illuminated  by  the  source  and  the  point  viewed  by  the  detector  would 
be  independent  of  height  above  the  scattering  medium.  Thus,  the  magnitude  of  the 
backscatter  flux  density  0 would  be  independent  of  height,  clearly  a major  advantage 
in  terms  of  an  operational  detector  traversing  a less-than-idcal  surface. 

In  practice,  even  if  the  source-  and  detector-collimator  axes  are  parallel,  there 
will  be  some  angular  dispersion  of  the  incident  and  backscattered  fluxes  due  to  the  finite 
acceptance  angles  of  the  collimators.  The  smaller  the  acceptance  angles,  tin;  less  disper- 
sion will  be  present,  and  the  less  height-sensitive  the  system  will  be.  However,  as  the 
acceptance  angle  decreases,  so  does  0.  Consequently,  u trade-off  must  be  made  between 
achieving  height-independence  and  obtaining  the  maximum  possible  value  of  0.  Never- 
theless, the  assumption  of  parallel  incidence  and  return  represents  a good  approxima- 
tion for  this  geometry  as  implemented. 

Now,  let  us  consider  what  happens  when  the  souree/delector  separation  q is 
varied  for  this  geometry.  As  q is  increased,  the  lateral  distance  a photon  must  traverse 
in  the  medium  before  its  backscatter  can  be  observed  by  the  detector  also  increases.  As 
a result,  there  is  an  approximately  exponential  decrease  in  0 as  q is  increased,  which  is 
a disadvantage  in  that  the  eounlrate  is  lowered.19  (See  Appendix  A.)  However,  the 

K.  1‘rrisn  and  K.  Livant,  Nucl.  Kngrg.  and  Design  24,  258  (19711);  M.  I.eimditrfer,  "The  Backseat  tering  of 
Photons,”  See.  4.4  in  Kngiiwering  Cximppiidiom  on  Radiation  Sltwlding,  Vol.  1 , It,  (»,  Jaeger  pi  at.,  Kd„  New 
York,  Springer- Vrrlag ( 1 968). 
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average  number  of  scatters  (N)  un(lc,i*j;tm<-  by  the  photons  which  an;  detected  also  in- 
creases as  q is  increased,  since  q becomes  large  compared  to  the  mean  free  path  of  the 
photons.  This  is  an  advantage,  since,  as  noted  above,  the  ability  to  discriminate  between 
media  having  differing  values  of  < Z>  varies  approximately  as  (constant^  ('or 
ineident-photon  energies).  Thus,  we  have  arrived  at  another  trade-off:  q should  be  set 
at  the  maximum  possible  value  consistent  with  an  acceptably  high  value  of  0 at  t lit'  de- 
tector for  the  case  of  semi-infinite  media. 

In  the  ease,  of  the.  mine-detection  geometry  (a  low-Z  inclusion  of  finite  size  im- 
bedded in  a higher  Z semi-infinite  medium),  this  conclusion  must  be  modified,  bice  there 
is  then  a disadvantage  to  the  use.  of  a q value  much  greater  than  tlx*  lateral  dimmish.-.;  of 
the  inclusion.  (See  Appendix  A.)  At  this  point,  it  sin  uld  be  noted  that,  for  scatterer 
densities  above  some  minimal  value,  N also  will  vary  in  direct  proportion  to  p.  Thus, 
a decrease  in  the  density  of  the  scattering  medium  without  a change  in  composition  will 
result  in  a positive  change  in  the  hackseatter  flux  A0„  Since  this  is  a linear  effect,  how- 
ever, it  is  small  compared  to  that  observed  for  the  Z-change  due  to  tla1  presence  of  a 
mine  in  the  energy  region  where  the  photoelectric  effect  is  important, 

The  advantages  of  geometry  (b)  are  height  independence  and  maximal  values 
of  A 0 / 0.  However,  both  these  advantages  are  achieved  at  the  expense  of  0.  C.onsequenlly, 
geometry  (b)  is  of  little  value  if  only  limited  source  activities  are  available,  In  this  latter 
case,  we  must  consider  the  advantages  offered  by  geometries  (c)  and  (d), 

In  geometry  (c),  the  radiation  source  is  an  isotropic  emitter  and  the  detector 
is  vertically  collimated.  In  this  case,  0 decreases  comparatively  slowly  as  q increases. 

(0  22  Vi  0 for  q - h.)  It  also  should  be  noted  that  single  scatter  is  no  longer  ge.omc 
tricully  excluded,  and  that  the  single-lo-multiple-seatter  ratio  should  be  large  compared 
to  that  for  geometry  (b)  (and,  as  we  shall  see,  for  geometry  (d )).  The  average  number 
of  scatters  per  photon  history  N also  will  be  smaller  than  for  geometry  (b)  and  will  be 
roughly  independent  of  q.  Thus,  while  0 may  be  < peeled  to  be  much  larger  for  geom- 
etry (c)  than  for  geometry  (b)  (for  comparable  de.eclor  collimation),  A0/0  will  be  much 
lower.  In  addition.  <j>  no  longer  will  be  height-independent . but  will  vary  rapidly  with  h. 

One  advantage  to  geometry  (c).  however,  is  its  minimal  sensitivity  to  density  changes. 

This  may  be  seen  to  follow  from  the  Theorem  of  Plane  Density  Variations,  which  stales 
that  “In  an  infinite  medium  in  which  the  material  is  every  where  the  same  except  for 
plane  density  variations,  if  there  is  a source  of  radiation  which  is  likewise  constant  along 
planes  of  constant  density,  the  radiation  flux  equals  that  in  a corresponding  problem 
with  constant  density."20  In  this  case,  the  source,  condition  can  be  satisfied  by  an  iso- 
tropic source  if  it  is  employed  at  distances  large  compared  in  the  mean  free  path  of  the 
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photons  in  the  medium. 21  See  Figure  11.  The  principal  advantage  of  geometry  (c), 
however,  is  that  it  maximizes  0.  We  will  see  later,  in  considering  finite  media,  that  geom- 
etry (c)  has  a second  advantage:  unlike  geometry  (b),  the  detector  response  is  depend- 
ent on  the  material  properties  in  a well-defined  volume. 

Geometry  (d)  consists  of  a vertically  collimated  source  coaxially  mounted 
with  a vertically  collimated  detector.  The  collimation  in  this  case,  however,  is  intentional- 
ly “loose.”  The  net  result  is  something  of  a compromise  between  geometries  (b)  and  (c). 
For  small  v;  lues  of  h,  the  detector  is  shielded  from  single  scatter  occurring  near  the  sur- 
face of  the  scattering  medium  by  a lip  surrounding  the  source  collimator.  As  h increases, 
the  diameter  of  the  spot  directly  illuminated  by  the  source  increases  more  rapidly  than 
docs  the  diameter  of  the  shadow  imposed  by  the  collimator  lip.  As  a result,  as  h increases, 
m 're  single  scatter  is  seen  by  the  detector.  (Of  course,  there  is  a maximum  beyond  which 
the  single  scatter  begins  to  decrease.)  The  multiple  scatter  behaves  in  very  much  the  same 
way  except  that  it  reaches  its  maximum  value  at  a lower  value  of  h than  does  the  single 
scatter.  The  net  result  is  that  a compensated  region  is  found  to  exist  wherein  the  increase 
in  the  single  scatter  just  compensates  for  the  decr«‘!*se  in  the  multiple  scatter.  Thus,  0 
for  a detector  operated  in  this  range  will  be  roughly  independent  of  height.  Figure  12 
illustrates  this  effect.  (Single-  and  multiple-scatter  contributions  were  separated  by  visual 
examination  of  the  data.)  The  geometry  used  to  obi., 'in  the  data  shown  was  actually  simi- 
lar to  geometry  (b)  with  “loose”  collimation  and,  as  such,  might  be  considered  one  radial 
element  of  geometry  (d),  (See  Figure  13.)  The  source  used  was 1 Vl  Ct,  in  order  to  facili- 
tate energy  resolution  of  the  single-  and  multiple-scatter  contributions.22 

The  advantages  of  geometry  (d)  over  geometry  (c)  arc  ( 1 ) height  independence 
and  (2)  higher  values  of  A 0/0  as  the  composition  of  the  scattering  medium  changes  (due 
to  the  geometrical  exclusion  of  some  single  scoter).  The  disadvantages  are  (1)  a some- 
what lower  0 and  (2)  a A 0/0  which  depends  on  height  (since  the  single-to-multiple- 
sealter  ratio  changes  with  height).  It  should  be  recognized  that,  although  not  a disad- 
vantage for  semi-infinite  media,  the  sensitive  volume  for  geometry  (d)  is  doughnut 
shaped.  This  proved  to  be  a rather  seveie  handicap  in  some  cases  of  practical  importance. 


It  in  difficult  to  change  appreciably  I lie  density  of  a scattering  medium  without  also  changing  its  chemical  com- 
position.  In  experiments  conducted  in  cooperation  with  |K'Oonncl  of  the  Explosives  Laboratory,  I’icatinny 
Arsenal,  sand  and  gravel  of  varying  sieve  size,  obtained  from  the  same  quarry  (therefore,  presumably  of  similar 
composition),  were  placed  in  thin,  aluminum  trays  approximately  1]  by  16  by  2 inches  deep.  The  trays  were 
set  flush  with  the  surface  of  a semi-infinite,  sand  scattering  medium.  The  extreme  densities  for  the  trays  were 
1.7  g/em1  (sand)  and  l,.r>  g/cm’  ( 1 ,5-ineli-sicvc  gravel).  Since  the  gravel  was  closely  packed,  it  was  assumed  to 
represent  a homogeneous  scattering  medium,  (The  air  gap  between  stones  was  much  less  than  the  mean  free 
patli  in  stone  of  the  1,7 (is gamma  rays  employed.)  System  geometry  was  similar  to  that  shown  in  Figure  lit, 
except  that  the  source  was  lowered  (o  (lie  bottom  of  the  lead  collimator  (h  = 15  inches;  q - 1 i inches).  Integral 
counts  obtained  for  the  two  density  extremes  showed  less  Ilian  a I percent  difference.  The  piilscdieighl  spectra 
obtained  are  depicted  in  Figure  1 1 . 

““  Data  obtained  in  collaboration  with  J.  McFahill  and  S.  Ilelf  of  the  Fcltman  Item-arch  Laboratories,  I’icatinny 
Arsenal  ( 1 970), 
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Lncollimated-source  — collimated-detector  backscatter  spectra. 
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Filin’  12.  Chun(j;c  in  hackscatlrr  with  t uliovr  scatlcrcr.  (After  McCahill  and  llclf) 
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Figure  13.  H>gh-<iiicrgy  gumniu-ruy  buekscatter  experimental  HCtup.  (After  MeCuhill  and  Hclf) 
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The  result.-'  of  this  section  are  summarized  iri  Table  1 . 


Table  1.  Summary  of  System  Characteristics  as  a Function  of  Geometry 


Characteriatic 

Geometry  Description 

(d 

Collimated  Source; 
Collimated  Detec  tor; 
Defined  Crossover 

Vertically  Collimated 
Source  and  Drtcctc.' 

^5) 

Uncollimatcd  Source; 
Vertically 

Collimated  Detector 

(d) 

Coaxial  Source 
and  Detector 

Helativc  0 

medium 

low 

high 

medium 

Relative  A 0/0 

medium 

high 

low 

medium 

Height  Sensitivity 

high 

low 

high 

low 

Density  Sensitivity 

high 

high 

low 

medium 

10.  Source  and  Detector  Selection. 

a.  General.  The,  two  remaining  parameters  which  affect  detector  design  are 
source  and  detector  type.  Since  these  parameters  are  determined  more  by  the  practical 
requirements  of  mine  detection  than  by  theoretical  considerations,  it  will  he  necessary 
at  this  point  to  abandon  the  assumptions  of  semi-infinite  scattering  media  of  uniform 
composition  and  of  point  detectors  and  consider  the  problem  as  it  presents  itself  in  the 
real  wor'd. 


'Two  broad  classifications  of  mines  need  to  he  considered;  antivehieular 
and  antipersonnel.  Antivehieular  (AV)  mine.,  generally  contain  upward  of  20  pounds  of 
high  explosives  and  may  he  buried  under  soil  overburdens  of  up  to  a foot.  For  detection 
purposes,  this  is  u very  different  class  of  targets  from  the  antipersonnel  (AP)  mines  which 
generally  contain  anywhere  from  Zi  to  0 ounces  of  explosve  and  rarely  ar  * employed  at 
depths  exceeding  an  inch. 

Since  APand  AV  mines  pose  very  different  detection  problems,  it  was 
decided  that  two  separate  detection  systems  should  he  developed.  The  AP-rninc  detec- 
tor was  of  necessity  to  he  man-portable  (because  AP  mines  do  not  pose  a major  threat 
to  vehicles).  Thus,  it  was  necessary  to  minimize  the  searchhead  weight  (since  holding 
even  .r>  pounds  at  the  end  of  a long  handle  is  very  fatiguing)  while  maintaining  an 
acceptable  rate  of  radiation  exposure  to  the  operator.  Allhough  it  is  obviously  desirable 
to  conduct  minc-deteelion  operations  as  rapidly  as  possible,  it  was  recognised  that,  by 
keeping  within  tin;  weight  constraints  of  man-portability,  tin;  source,  size  and,  therefore,, 
the  eountrate  would  have  to  be  limited.  Asa  result,  it  was  envisioned  that  the  detector 
could  he  employed  only  in  suspect  ^reas;  therefore,  relatively  slow  search  speeds  were 
considered  to  he  acceptable  (say,  0.1  mi/h  clearing  a path  4 feet  wide).  (See  Appendix  B.) 
The  detector  also  was  intended  to  he  capable  of  functioning  in  a variety  of  terrains,  under 
adverse  weather  conditions,  and  over  a reasonable  range  of  operating  heights. 
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The  AV  detector  was  to  be  mounted  on  a boom  attached  to  the  front  of 
a vehicle  (for  experimental  purposes,  a 14-ton  truck  was  employed).  Because  the  metal 
of  the  vehicle  would  provide  shielding  for  the  operator,  the  exposure  rate  in  the  vicinity 
of  the  searehhead  was  not  considered  to  be  of  overriding  importance.  It  was,  however, 
necessary  that  the  searehhead  clear  a path  at  least  equal  to  the  width  of  the  vehicle  and 
be  capable  of  operating  at  forward  speeds  in  the  neighborhood  of  5 mi/h.  (Speeds  much 
greater  than  5 mi/h  would  result  in  broking  distances  in  excess  of  reasonable  boom 
lengths.)  Again,  the  detector  was  to  be  capable  of  operating  in  a variety  of  terrains, 
under  adverse  weather  conditions,  and  over  a reasonable  range  of  heights. 

b.  Source  Selection.  Secondary  high  explosives  consist  entirely  of  light  ele- 
ments (H,  0,  N,  C)  yielding  an  average  Z of  approximately  7.  Soils,  on  the  other  hand, 
consist  of  somewhat  heavier  elements  (O,  Al,  Si,  Fe,  etc.)  yielding  an  average  Z in  the 
neighborhood  of  12.  Both  soils  and  explosives  have  specific  gravities  in  the  range 
1.3  < p < 2.  It  should  be  remembered  that,  since  photoelectric  absorption  per  unit  mass 
is  proportional  to<Z4>,  inorganic  clay,  for  example,  will  photoabsorb  some  27  times 
the  number  of  gamma  rays  per  unit  mass  as  will  explosive  at  the  same  photon  energy  per 
unit  flux  (see  Table  2).  However,  the  percentage  of  gamma  photons  whose  scattering 
histories  are  terminated  by  photoahsorption  (as  opposed  to  backscattcr)  depends  on 
the  incident  gamma  energy  (,t«  E*3 ).  Thus,  the  backscattcr  spectrum  from  a relatively 
high-energy  gamma  source  (say, 137 Os;  E = 0.662  MeV)  will  be  relatively  insensitive  to 
changes  in  the  atomic  number  of  the  scattering  medium  except  for  the  lowest  energy 
portion  of  the  multiple-scatter  component  (see  Figure  14).  On. the  other  hand,  if  a rela- 
tively low-energy  gamma  source  is  employed  (suy,  241  Am;  = 0.060  MeV),  the 
amplitude  of  the  entire  backscattcr  spectrum  increases  as  the  atomic  number  of  the 
scattering  medium  decreases23  24  (see  Figure  15).  (The  lower  energy  peak  shown  is  the 
iodine  X-ruy  escape  peak.)  Integrating  over  the  entire  spectrum,  we  have  found  that 
this  change  may  he  as  great  as  several  hundred  percent  in  going  from  a semi-infinite  soil 
medium  to  a semi-infinite  explosive  medium.  On  this  busi",  it  would  appear  desirable 
for  purposes  of  mine  detection  to  utilize  the  lowest  energy  possible,  consistent  with  an 
acceptable  return  rate.  (The  lower  the  incident  energy,  the  lower  the  percentage  of 
gammas  backscattcrcd  for  energies  below  about  250  keV.2S ) This,  indeed,  would  be 

W,  I).  Miller,  W,  K.  Tucker,  and  K.  I„  lludapcth,  The  Detection  of  Concealed  Explosives  by  the  Uta  of  Gamma- 
Ray  Scattering  and  Transmission  Techniques,  Confidential  Final  Report,  Contract  I)AAK02-6t)-C-0229 
(October  1969),  All  506-OillL. 

In  the  caac  of  acmi-infinite  scattering  media,  there  in  u downward  apectral  shift  in  the  backaeatter  Hpcctrum  an  Z 
decreased,  even  when  an  141  Am  dource  id  utilized.  However,  in  the  case  of  mine  detection,  aincc  there  id  an  in- 
tervening  soil  overburden,  the  lowest  energy  portion  of  the  backacattcr  from  the  target  id  aeverely  attenuated.  Ad 
a reaull,  no  spectral  ahift  id  evident.  Note  that  Figure  15  refera  to  a target  under  a 1-inch  soil  overburden.  See 
alao  K.  I„  Under  and  I).  (».  Conley,  Computed  Energy  Distribution  of  Double-Scattered  Ihotons,  Obtained  for 
Purposes  of  Mine  Detector  Design  Analysis,  USAMBRDC  Report  2097  ( E 974). 

^ J M,  I.eiimlOrfer,  "The  Haekdcattering  of  Photona,"  See,  4.4  in  Engineering  Compendium  on  Radiation  Shielding, 
Vol.  1,  R.  0.  Jaeger,  Ed,,  New  York,  Springer- Vcriag  (I960). 
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Chemical 
Composition 
(IVt  by  Weight) 


Cheiuie.il  Formula 


Average  Z Values 


Chemical 
Composition 
(I'ct  by  Weight) 


Element 


C7ll5(N()2)3 


<Z>S7 

</4>  ffa2,6(K)(*> 


Sit  )2 
I'VjOj 
Organic 
ll2() 


Inorganic  Clay'*1^ 

<Z>s  12 
<Z4  >,,,=£  72, 0<)0(a) 


SiOj 

l'V>3 

( Irgunic 
llj() 


( irass-Covereil  Soil^ 

< Z>  — 11 

< z4  > a 40,000^ 


' 7 Since  r a 7r  Ls  an  approximation  for  r a 7r /A,  tin*  valuta  given  for  were  computed  as  <2Z*  /A>. 

* ^ Soil  from  Mine  lames  T >t  Facility. 

^ Soil  from  Fort  Hoi  voir,  Virginia. 

NOTH:  Soil  samples  analyzed  at  MFltDC, 

true  if  ul!  mines  were,  emplaced  flush  with  the  surface.  In  practice,  however,  mines  arc 
buried  under  soil  overburdens  ranging  from  a light  dusting  for  small  antipersonnel  mint*.! 
to  as  much  as  a foot  for  large  antivchiculur  mines.  Although  the  percentage  of  the  hack 
scatter  spectrum  originating  in  a particular  depth  interval  depends  to  some  extent  on 
the  xource/deteetor  geometry  employed,  il  is  generally  valid  to  state!  that  backscatter  as 
a function  of  depth  decreases  exponentially:  (lie  lower  the  gamma  energy,  the  higher 
thi*  exponent  of  the  exponential.  Therefore,  lower  incident  energies  result  in  shallower 
sampled  volumes.  As  an  example,  (lie  mean  free  path  of  60-keV  gamma  rays  in  typical 
soils  is  about  I inch.  A final  consideration  in  the  selection  of  source  energy  is  the  thick 
ness  of  the  explosive  charge  of  the  mine  being  sought.  An  antivehicular  mine  generally 
will  have  an  explosive  charge  on  the  order  of  d inches  thick.  An  antipersonnel  mine,  on 
the  other  hand,  may  have  a charge  less  than  '/2-inch  thick.  Tims,  an  antivehicular  mine, 
may  !><•  considered  nearly  semi-infinite  for  the  range  of  gamma  energies  where  photo- 
absorption  is  of  importance  (i.e.,  < 2(10  kcV);  whereas,  the  backseat  ter  reaching  a de- 
tector focused  on  an  antipersonnel  mine  might  wed  arise  from  the  soil  beneath  the.  mim 


presence  of  a dinitrobenzene  (DNB)  block.  (After  Miller,  Tucker,  and  Hudspeth;  Contract 
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as  well  as  from  the  mine  itself  and  its  soil  overburden.  Thus,  a lower  energy  (and,  thus, 
less  penetrating)  radiation  might  be  desirable  for  this  application. 

In  addition  to  the  above  three  theoretical  considerations,  we  are  also 
faced  with  the  more  practical  problem  of  what  source  energies  are  available.  In  the 
realm  of  low-energy  gamma  sources  of  practical  half-life,  we  have  241  Am  at  60  keV, 

109 Cd  at  08  keV,  and  57 Co  at  122  and  136  keV.  57 Co  and  l09Cd  both  are  an  order  of 
magnitude  more  expensive  than  241  Am  and  have  half-lives  two  orders  of  magnitude 
shorter  (271  and  453  days,  respectively).  For  these  reasons, 241  Am  was  selected  as  the 
most  promising  radioisotope  for  mine-detection  applications.  However,  because  of  its 
low  specific  activity  and  the  low  energy  of  the  gamma  ray  produced,  self-absorption 
limits  the  maximum  usable  activity  of  an  241  Am  disk  source  to  approximately  1 Ci/in.2.26 
(1  Ci  = 3.7  x 1010  disintegrations/s.)  Thus,  for  geometries  where  source  collimation  is  re- 
quired, the  ganuna  flux  attainable  on  the  soil  surface  from  an  241  Am  source  is  rather 
limited.  In  order  to  produce  a more  intense  directional  photon  source,  it  was,  therefore, 
necessary  to  utilize  an  X-ray  generator. 

X-ray  tubes  currently  are  available  which  are  sufficiently  rugged  to  con- 
sider for  field  use.  However,  oidy  the  smallest  of  these  do  not  require  a circulating-oil 
bath  for  cooling.  (Only  a few  percent  of  the  energy  of  the  electron  beam  is  converted 
to  X-rays;  the  remainder  is  converted  to  heat  in  the  anode.)  However,  the  added  bur- 
dens of  an  X-ray  generator  (oil  bath,  pump,  regulated  high-voltage  supply,  and  kilowatt- 
size  power  supply)  are  offset  by  two  prime  advantages:  (I)  The  unit  may  be  shut  off 
and,  therefore,  will  not  pose  a radiation  hazard  when  not  in  use;  and  (2)  an  X-ray  gener- 
ator, when  compared  to  241  Am,  will  supply  an  almost  unlimited  photon  flux  in  the  re- 
quisite energy  range.  For  example,  a tube  operated  in  a continuous  mode  at  120  kV 
with  a tungsten  anode  will  have  a conversion  efficiency  e of  about  1.1  percent.27  Of 
the  X-rays  produced  by  bremsstrahlung  (i.e.,  neglecting  the  characteristic  spectrum), 

~ 45  percent  will  fall  in  the  40-  to  120-keV  range,  which  we  might  consider  realistically 
to  be  the  range  of  interest.  This  translates  to  5.5  x It)13  useful  photons/s,  or  about  4,500 
equivalent  curies  per  milhump  of  beam  current,  taking  into  account  tiro  36-percent  yield 
of  the  60-keV  gamma  ray  in  241  Am.  In  addition,  the  distribution  of  X-rays  is  not  iso- 
tropic (as  is  the  case  for  241  \m),  but  is  peaked  at  right  angles  to  the  electron  beam,  in 
the  direction  of  the  port.  (This  is  true  only  for  nonrclativistic  electrons  i.e.,  E < 51 1 
keV.)  For  these  reasons,  it  was  decided  that  an  X-ray  generator  would  bo  the  photon 
source  of  choice  for  the  vehicular  application. 

c.  Detector  Selection.  In  selecting  241  Am  and  an  X-ray  generator  for  the 


“(l  Wendell  Miller,  NiH'.lcar-Cliicaifo  Corporation,  Private  communication  ( 1970). 

27  K.  U.  Condon,  ‘‘X  Kays.”  in  Handbook  of  Phymt,  Second  hxl.,  K.  1).  Condon  and  H.  Odiahaw,  lids.,  Mew  York, 
Mctiraw-ilill ( 1 9(i7),  p.  7-1 29. 


man-portable  and  veliicle-mounted  applications,  respectively,  the  requirement  that  the 
detectors  employed  be  capable  of  energy -resolving  the  backscattered  flux  was  eliminated 
(since  the  presence  of  a low-Z  inclusion  is  manifested  over  the  entire  energy  spectrum). 
Nevertheless,  scintillation  detectors  were  employed  in  all  experimental  searchheads, 
primarily  to  capitalize  on  their  virtual  100-percent  efficiency  for  photons  in  the  requi- 
site energy  range.  CsI(Na)  scintillators  were  employed  in  place  of  the  more  conventional 
NaI(T£)  primarily  because  the  former  are  less  subject  to  damage  from  mechanical  shock. 
(The  possibility  of  utilizing  other  detectors  was  considered  and  will  be  discussed  in  Sec- 
tion III.) 

11.  Compensation  for  Height  Variations.  As  noted  in  paragraph  9,  geometries 
(a)  and  (c)  are  extremely  height -dependent.  However,  since,  of  the  two,  only  geometry 
(c)  (uncollimated  source  — collimated  detector)  is  of  practical  importance  for  the  pres- 
ent application,  discussior  will  be  limited  to  that  geometry. 

Since  the  criterion  for  detection  is  simply  an  increase  in  the  backscattered 
flux  0,  variations  in  0 with  height  (resulting  from  either  a change  in  searchhead  height 
or  surface  irregularity)  can  be  disastrous.  In  practice,  a A 0/0  value  of  10  percent  may 
be  indicative  of  a mine;  whereas,  for  geometry  (c),  a change  in  0 of  25  pet/in.  of 
height  is  typical  for  the  geometrical  parameters  employed. 

Several  techniques  of  compensating  for  height  changes  were  considered,  and 
two  were  instrumented. 

a.  Two  Detectors  at  Different  Heights  Viewing  the  Same  Area  (See  Figure 
16).  In  principle,  this  technique  is  very  simple:  If  ht  and  h2  are  the  distances  from  the 
lower  and  upper  detectors,  respectively,  to  the  soil  surface,  with  corresponding  fluxes 
0,  and  02,  then  a change  in  searchhead  height  Ah  should  result  in  different  values  of 

A 0i  and  A 02,  provided  that  0t  and  02  do  not  change  linearly  with  height.  For  example, 
if  0,  and  02  vary  as  1/h2 , then 

(A 0i^  A 02 ) oc  2(h2-3  -hr3). 

Unfortunately,  experimentally  obtained  results  utilizing  geometry  (c)  reveal  a 0(h)  de- 
pcndencc  nearly  linear  for  the  small  values  of  h which  are  of  practical  importance  (see 
Figure  17).  For  this  reason,  this  approach  was  noi  pursued  further. 

b.  Two  Backscatter  Signal  (See  Figure  18).  In  this  technique,  use  is  made 
of  the  fact  that  only  low-energy  photons  arc  sensitive  to  the  presence  of  landmines.  In 
principle,  then,  there  are  two  possible  methods  of  achieving  height  compensation: 
either  using  a high  energy  gamma  source  (say,  137 Cs)  or  using  a beta  source  (say,  90 Sr) 
together  with  an  241  Am  gamma  source. 
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HEIGHT  ABOVE  SCATTERER.h  (IN.) 

Figure  17.  Variation  of  l*uck»cuttcr  flux  with  height.  (Duta  from  Contract  DAAK02-72-C-0619) 
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If  ,37(  Ls  is  employed,  the  backseat  ter  spec  (mm  will  contain  single-  and  multiple- 
scatter  peaks  resolvable  in  energy.  The  amplitude  of  the  single-scatter  peak  is  largely  in- 
sensitive to  </>  changes  and  is  primarily  a function  of  h.  The  amplitude  of  the  multiple- 
scatter  peak  is  a function  of  both  </>  mid  h (and,  to  a lesser  extent,  of  density)18  (see 
Figure  lb).  Clearly,  Figure  19  contains  sufficient  information  to  compute  both  <Z>  and 
h.  Unfortunately,  this  method  has  two  practical  limitations  which  preclude  its  incorpora- 
tion in  a mine  detector.  First,  only  a small  fraction  of  the  gammas  emitted  arc  of  use 
in  actually  determining  whether  a mine  is  present  or  absent.  Thus,  the  source  utiliza- 
tion is  far  lower  than  is  the  ease  for  241  Am.  Second,  as  previously  noted,  geometry  (c) 
is  of  primary  interest  for  implementation  in  a man-portable  device.  Thus,  the  increase 
in  shielding  weight  required  (for  operator  protection  and  to  prevent  direct  feedthrough 
to  the  detectors)  is  a substantial  handicap. 

The  second  method,  using  a beta  source  in  conjunction  with  an  241  Am  source, 
avoids  the  practical  limitations  inherent  in  the  use  of  80 (!o.  A beta  source  placed  in  the 
same  housing  as  the  241  Am  requires  no  additional  shielding  (although  the  hrcmsstrahhmg 
produced  will  introduce  a slight  additional  background  in  tin  scintillator),  A small,  gns- 
filled  detector  placed  in  front  of  the  scintillator  then  will  respond  to  backseat lered  betas 
while  remaining  virtually  transparent  to  bnckseallered  gammas,  Thus,  although  two  de- 
tectors (and  associated  electronics)  must  be  employed  instead  of  one,  the  size  and  weight 
of  the  searchhcud  need  not  be  increased  appreciably.  On  the  debit  side,  it  should  be 
noted  that,  since  betas  have  essentially  no  penetration  relative  to  the  gamma  rays,  the 
number  of  betas  backseat  lered  is  a function  of  height  over  the  first  solid  scalterer,  even 
if  this  scalterer  is  a blade  of  grass  or  a dry  leaf  (items  essentially  transparent  to  OO-keV 
gammas).  Further,  beta  backseat  ter  is  itself  /-sensitive . Thus,  the  backseat  ler  will 
change  as  a function  of  soil  type, 27 

As  a consequence  of  the  above,  beta  backseat ler  can  be  used  only  for  height 
compensation  if  the  device  is  ( I ) recalibrated  for  each  soil  type  encountered,  and  (Li)  used 
in  nonvegelalive  areas  or  in  areas  with  relative1*  uniform  vegetative  ground  cover.  Since, 
in  any  ease,  the  gamma-backseat  ler  Icchuiuue  cannot  be  used  in  areas  with  excessive  vege- 
tation ( because  the  • . / > of  the  scattering  medium  is  then  loo  close  to  the  < X > of  an 
explosive),  beta  backseat  ler  was  instrumented  and  used  as  the  height -compensation  tech- 
nique for  one  of  the  detectors  described  in  Section  IV. 

e.  Fillers.  In  geometry  (c),  a large  number  of  singly  seal  lered  photons  and 
a somewhat  smaller  number  of  multiply  scattered  photons  are  incident  on  the  detector. 
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although  utilizing  an  241  Am  source  precludes  the  energy  resolution  of  these  two  com- 
ponents by  conventional  scintillation  detectors.30  Filters  provide  a means  of  crudely  re- 
solving these  components. 

Let  us  consider  a particular  example:  assume  a source/detector  separa- 
tion of  2 inches  center-to-center,  a i -inch-diameter  241  Am  source,  and  a 1 -inch-diameter 
scintillation  detector  with  a honeycomb  collimator.  Allow  the  system  to  vary  in  height 
over  the  range  from  2 to  5 inches.  (See  Figure  20.)  Since  the  single-scatter  angle  varies 
with  detector  height,  so  will  the  energy  of  the  single -scat  ter  radiation  (E  ).  In  this  ease, 

Ew  = 49.62  keV  for  h = 2 inches,  and  E^  = 48.87  keV  for  h = 5 inches,  a variation  of 
0.75  ke  V (assuming  a photon  produced  at  the  center  of  the  source,  absorbed  at  the 
center  of  the  scintillator,  and  scattering  ‘A  inch  below  the  surface  of  the  scattering  medi- 
um). The  given  geometrical  parameters  permit  an  energy  spread  in  the  single-scatter 
radiation  of  from  48.83  to  50.24  keV  at  h = 2 inches  (assuming  a maximum  scattering 
depth  of  1 inch).  Thus,  the  shift  in  the  approximate  centroid  of  the  single-scatter  peak 
with  height  is  an  appreciable  fraction  of  the  peak  width.  See  Figure  21.  (It  should  be 
emphasized  that  Figure  21  is  an  idealized  spectrum,  possibly  realizable  with  a Ge  (Li) 
detector,  but  not  otherwise.)  Multiple  scatter,  on  the  other  hand,  is  distributed  over  a 
broad  energy  spectrum  both  above  and  below  the  single-scatter  energy.  As  a result, 
even  if  the  centroid  of  this  spectrum  does  sliift  as  h is  varied  (u  question  which  at  pres- 
ent is  unresolved)  the  shift  would  not  constitute  an  appreciable  fraction  of  the  width  of 
the  multipie-scatter  energy  distribution. 

Let  us  now  interpose  a filter  in  front  of  the  detector  which  has  a 
K-edge  in  the  vicinity  of  the  energy  of  the  backscattered  radiation.  In  this  case,  europium, 
with  a K-edge  at  48.515  keV,  is  most  appropriate.  At  h - 2 inches,  essentially  all  single- 
scattered  photons  are  at  an  energy  just  above  the  K-edge  and,  consequently,  are  greatly 
attenuated.  As  h increases,  progressively  more  single  scatter  falls  below  the  K-edge  and 
passes  through  the  filter.  There  is  no  equivalent  change  in  the  transmission  of  multiply 
scattered  photons  because  of  the  energy  spread  of  this  portion  of  the  spectrum.  (This 
technique  has  the  advantage  of  being  independent  of  soil  conditions  because  the  energy 
distribution  of  singly  scattered  photons  is  a function  of  geometry  alone.) 

If  two  detectors,  one  filtered  and  one  unfiltered,  are  used  to  view  the 
same  spot  on  the  soil  surface,  then  the  ratio  of  single  to  multiple  scatter  will  vary  as  a 
function  of  h.  The  result  of  this  effect  is  shown  in  Figure  22.  If  the  detector  then 
passes  over  a mine,  there  is  an  increase  in  the  countratc  of  both  detectors,  hut  there  is 
no  change  (once  background  is  subtracted)  in  the  ratio  of  countratcs.  Thus,  sufficient 
information  is  present  to  detect  a mine  without  incurring  false  signals  due  to  small 

'***  A recently  developed  lethni'juc,  utili/.ing  Xc  as  the  scintillating  medium,  may  enable  resolution  of  the  single-  and 
multiple-scatter  components  of  a hackscattcr  s|>cctruni  without  the  use  of  a (iti  Id)  detector.  Itohcrt  Molcr,  Science 
Applications,  Inc.,  private  communication  ( I97A). 
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variations  in  In  This  technique  was  instrumented  in  a breadboard  detector  which  will  be 
discusser*  in  section  IV. 


Hi.  HISTORY 

12.  Background,  In  1967,  representatives  of  Texas  Nuclear  Corporation  proposed 
the  development  of  a mine  detector  based  on  the  backscattcr  of  gamma  rays.31  This  pro- 
posal was  based  on  an  earlier  observation  made  in  the  course  of  other  defense  research 
that  the  spectrum  of  backscallered  radiation  differs  for  materials  of  differing  atomic 
number.32  Texas  Nuclear  personnel  reasoned  that  the  elements  found  in  explosives 
would  yield  a backscattcr  spectrum  which  differed  from  that  obtained  from  the  higher 
atomic  number  (higher  Z)  elements  commonly  found  in  soils.  If  these  differences  eould 
be  exploited,  a mine  detector  based  on  measurement  of  the  average  atomic  number  might 
be  developed. 

This  proposal  was  funded  on  26  February  I960  by  the  IJ.S.  Army  Mobility 
Equipment  Research  and  Development  Center  (USAMERDC),  Fort  Bclvoir,  Virginia. 
Contractual  effort  on  backscattcr  mine-detection  research  was  continued  until  June  1973. 
In  addition  to  tin*  work  at  the  Texas  Nuclear  Corporation  (later  a division  of  Nuclear- 
Chicago  Corporation),  detector  development  was  carried  out  by  Industrial  Nucleonics 
Corporation.  Experiments  were  also  conducted  in  cooperation  with  personnel  at  the  Ex- 
plosives Laboratory  at  I’icatinny  Arsenal,  and  computer  simulations  were  performed  by 
personnel  at  the  Nuclear  Effects  Laboratory,  Edgewood  Arsenal  (later  part  of  the  Ballistic 
Research  Laboratories,  Aberdeen  Research  and  Development  Center).  As  noted  earlier, 
effort  in  the  area  now  has  been  terminated  as  a result  of  the  appraisal  that  the  limitations 
of  the  backscattcr  approach  outweigh  its  capabilities  when  viewed  from  a practical  mili- 
tary standpoint. 

Results  of  importance  to  the  present  discussion  stemming  from  studies  carried 
out  at  Pieatinny  Arsenal  already  have  been  presented  in  Section  II.  Results  of  the  com- 
putations carried  out  at  Edgewood  Arsenal  are  presented  in  Appendix  A.  The  purpose 
of  the  present  section,  then,  is  to  recount  the  experimental  procedures  followed  and  the 
salient  results  obtained  under  contracts  DAAK02-68-C-0229,  DAAK02-69-C-0263, 
l)AAK02-7()-C.0l()5,  and  1) A AK02-7 1 -(1-0359  with  the  Nuclear-Chicago  Corporation 
and  under  contract  DAAK02-72-C-06I9  with  the  Industrial  Nucleonics  Corporation. 
Although  more  detailed  accounts  of  these  contractual  efforts  may  be  found  in  the  final 
reports  of  the  above  contracts,  tin;  reader  should  be  aware  that  in  many  instances  the 
theoretical  explanations  presented  in  these  reports  for  the  experimental  results  have 

Texan  N lli'lc a r Corporal io..,  inwstif'otion  of  Giimmu  Huy  Iluc.kicattaring  for  l/n>  Detection  of  Hurivil  bind  Minus  — 
An  llnioiialinJ  Profioml,  II  August  1967. 

Texas  Nuclear  Corporation,  final  Report,  Subcontract  102,'t-l  to  Dlkcwooil  Corporation;  Prime  Contract 
Al'29  (601 ) 4369  ( 1962). 
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13.  Contract  DAAK02-68-C-0229.  The  principal  purpose  of  this  contract  was  to 
explore  the  feasibility  of  photon-backscatter  mine  detection  in  a laboratory  environment. 
To  this  end,  the  following  experimental  setup  was  employed: 

A soil  box,  18  by  36  by  14  inches  deep,  was  prepared  and  filled  with  red  clay 
85  lb/ft3 , ~ 3 percent  H20,  no  organic  content,  and  ~ 6.5  percent  Fe).  The  top  6 
inches  of  the  soil  box  consisted  of  four  1-inch-deep  trays  and  one  2-inch-deep  tray.  This 
latter  tray  contained  the  target,  usually  a 1-pound  block  of  dinitrobenzene  (DNB),  2.5  by 
3 by  1.75  inches  thick.  The  bottom  of  each  tray  consisted  of  thin  aluminum  screening 
covered  with  1-mil  polyethylene.  The  purpose  of  the  trays  was  to  establish  a reproducible 
geometry  for  various  target  burial  deptlis.  The  sources  employed  were  241  Am  and  137  Cs ; 
the  detector  was  usually  Nal  (T E),  although  others  were  investigated.  Backscatter  spectra 
were  recorded  on  a 400-channel  multichannel  analyzer. 

The  experimental  setup  is  depicted  in  Figure  23.  With  this  arrangement,  the 
following  parameters  could  be  varied: 

a.  The  angle  of  incidence  of  radiation  from  the  collimated  source. 

b.  The  angle  of  incidence  of  the  detector-collimator  axis. 

c.  The  acceptance  half-angles  of  the  source  and  detector  collimatore. 

d.  The  source/detector  separation  (q). 

e.  The  height  above  the  soil  surface  (h). 


W.  I).  Miller,  W.  E.  Tucker,  and  E.  L,  Hudspeth,  7 Tie  Detection  of  Concealed  Explotivet  by  the  Uie  of  Gamma- 
Ray  Scattering  and  Transmission  Technique t,  Confident  is]  Final  Report,  Contract  DAAK02-68-C-C229 
(October  1969),  AD  506-081L. 

W.  E,  Tucker,  W.  D.  Miller,  and  E.L.  Hudspeth,  The  Development  of  Experimental  Explotivet  Sentort  Uling 
X-Ray  and  Gamma-Ray  Backicattcr  Technique!,  Confidential  Final  Report,  Contract  DAAK02-69-C-0263 
(June  1971),  AD  402-9106. 

W.  E.  Tucker  and  W.  D.  Miller,  Detign  and  Comtruction  of  a Man-Portable  Gamma-Ray  Explotivet  Sentor,  Confi- 
dential Final  Report,  Contract  DAAK02-70-C-0105  (January  1972),  AD  519-617L. 

W.  D.  Miller,  M.  N.  Anastasi,  and  W,  E.  Tucker,  The  Detign,  Construction,  and  Testing  of  an  Advanced  Experi- 
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The  first  series  of  experiments  performed  with  this  apparatus  concerned  the 
selection  of  source  type  and  the  establishment  of  criteria  for  mine  detection.  As  noted 
in  Section  II,  both  the  amplitude  and  shape  of  a backscatter  spectrum  will  change  as  the 
< Z>  of  the  scattering  medium  is  varied.  However,  use  of  a 137 Cs  (662-keV)  source 
under  the  more  realistic  condition  of  a finite  DNB  target  buried  under  a soil  overburden 
revealed  that  oidy  a small  change  in  the  lowest  energy  portion  of  the  spectrum  could  be 
observed.  (See  Figure  14.)  (Note  that  the  variation  at  ~ 200  keV  is  due  to  a density 
change  rather  than  to  a < Z > change.)  By  utilizing  an  241  Am  (60-keV)  source,  however, 
the  target  was  manifested  as  a general  increase  in  amplitude  over  the  entire  spectrum. 

See  Figure  15.  The  lack  of  a shift  in  the  energy  distribution  of  backscattered  photons 
was  ascribed  to  the  severe  attenuation  of  the  lowest  energy  photons  by  the  soil  over- 
burden. On  this  basis,  it  was  decided  that:  (a)  the  criterion  for  mine  detection  should 
1m.*  a percentage  increase  (A  0/0)  in  the  integrated  countrate  above  some  lower  level  set 
to  exclude  only  photomultiplier  dark  current,  and  (b),  in  order  to  maximize  this  percent- 
age increase,  the  source  energy  should  be  a.:  low  as  possible  consistent  with  an  acceptable 
countrate.  In  general,  photons  of  energies  from  50  to  200  keV  were  considered  to 
possess  the  greatest  promise  for  mine  detection.  Consequently,  further  effort  under  this 
contract  was  performed  with  an  241  Am  source,  and  an  X-ray  generator  (~  140  kVp)  was 
ordered  for  use  in  future  studies. 

The  second  series  of  experiments  conducted  concerned  the  selection  of  source/ 
detector  geometry.  Since  the  experimental  setup  consisted  of  a collimated  source  (in 
this  ease,  1 Ci  241  Am)  and  a collimated  detector,  experiments  were  limited  to  variations 
of  this  arrangement.  By  varying  the  included  angle  between  source-  and  detector- 
collimator  axes  (0),  it  was  determined  that  (a)  A 0/0  increased  as  tin:  depth  of  intersec- 
tion of  the  axes  increased,  (b)  A 0/0  greatly  decreased  whenever  the  detector  “saw”  an 
appreciable  amount  of  single-scalier  radiation,  and  (c)  A 0/0  increased  as  q decreased. 
This  last  result,  which  appears  to  contradict  statements  made  in  Section  II,  may  he 
seen  to  follow  from  the  limitations  of  the  experimental  setup:  q,  in  all  eases,  exceeded 
the  linear  dimensions  of  the  target.  Further,  by  varying  h,  it  was  determined  that  the 
change  in  0 as  h was  varied  (A  0/  Ah)  was  minimized  by  minimizing  0 . By  varying  the 
half-angle  at  the  source  collimator,  it  was  observed  that  A 0/Ah  could  be  reduced  further 
by  tightly  collimating  the  source  (although,  on  the  negative  side,  this  also  greatly  re- 
duced 0). 


On  tlu  basis  of  the  above  it  was  determined  that  the  optimal  system  for  mine 
detection  would  consist  of  a tightly  collimated  source  and  detector,  as  close  as  possible 
to  each  other,  with  a small  angle  included  between  the  source  and  detector  collimator 
axes. 


The  purpose  of  the  third  series  of  experiments  was  to  determine  the  type  of 
response  to  be  expected  from  a variety  of  artifacts  which  might  be  encountered  in  lb'- 
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soil.  For  these  experiments,  the  included  angle  0 was  set  at  35°.  The  artifacts  were: 
blocks  of  wood,  aluminum,  granite,  and  limestone,  each  2 by  8 by  2 inches  deep;  and 
a container  of  water  of  similar  dimensions.  A DNB  block  was,  in  each  ease,  used  for 
comparison.  The  artifacts  were  emplaced  at  depths  of  0 inch  (flush),  1 inch,  2 inches, 
and  4 inches.  Two  soil  conditions  were  considered:  dry  (~  3 percent  li20)  and  moist 
(~  20  percent  ll20).  Tabic  3 shows  the  results  of  these  experiments  in  terms  of  the 
ratio  11  of  the  eountrate  obtained  over  an  artifact  to  the  countrate  obtained  over  soil. 

In  general,  it  was  found  that  R was  greater  than  unity  for  wood  and  water,  as  well  as  for 
DNB,  and  was  less  than  unity  for  the  aluminum,  granite,  and  limestone.  (Difficulty  was 
encountered  in  repacking  the  soil  trays  to  uniform  density,  resulting  in  certain  instances 
in  11  values  less  than  unity  for  wood,  water,  and  DNB.)  From  the  data  shown  in  Table  3, 
it  may  be  observed  that:  (a)  smaller  values  of  R obtain  under  identical  circumstances 
when  appreciable  soil  moisture  is  present;  and  (b),  with  the  geometry  employed,  in- 
creases in  the  backseatter  countrate  are  observable  for  low-Z  inclusions  buried  at  depths 
of  up  to  2 inches  in  dry  soil  and  1 inch  in  moist  soil. 


Table  3.  Backseatter  Information  From  DNB  and  Other  Artifacts  Kmplaced 

in  Moist  and  Dry  Soil 


Frn placement  Depth  (In.) 
Artifact  Of  Flush)  i T 


Ratio  (R)  in  Dry  Soil 

DNB 

7.14 

2.17 

Wood 

10.98 

2.70 

Water 

8.33 

2.63 

Aluminum 

0.14 

0.55  1 

Granite 

0.29 

0.71  1 

Limestone 

0.14 

0.58  l 

Ratio  (R)  in  Moist  Soil 

DNB 

0.25 

1 .68  i 

Wood 

10.40 

1.81  i 

Water 

7.14 

1 .64  i 

Aluminum 

0.13 

0.64 

Granite 

0.31 

0.63 

Limestone 

3. 1 3 

0.50 

Finally,  some  attention  was  given  to  the  selection  of  detectors  for  the  mine- 
detection  application,  Geiger  tubes,  ionization  chambers,  and  Si(Li)  and  Ge(Li)  solid- 
state.  detectors  were  considered;  some  experiments  were  conducted  with  plastic  scintil- 
lators (NF  102  and  10  percent  lead-loaded  Pilot  B).  These  demonstrated  that  the. 


42 


countrate  obtained  with  plastic  scintillators  is  excessively  sensitive  to  small  gain  changes 
and,  thus,  would  not  be  stable  enough  for  field  application.  Geiger  tubes  were  dismissed 
because  they  are  not  capable  of  operating  at  more  than  a few  thousand  cps.  Since  energy 
resolution  of  the  backscattercd  flux  was  not  required,  Ge(Li)  and  Si(Li)  were  not  con- 
sidered promising;  however,  the  possibility  of  using  Si(Li)  in  the  future  was  left  open 
because  Si(Li)  detectors  of  large  enough  volume  (high  enough  efficiency)  may  be  obtained 
at  some  time  in  the  future  [Si(Li),  unlike  Ge(Li),  does  not  require  cryogenic  cooling] . 

The  possibility  of  using  ionization  chambers  in  a vehicle-mounted  system  also  was  left 
open,  since  a large-volume  detector  was  considered  feasible  for  that  application.  Ioniza- 
tion chambers  were  not  considered  feasible  for  a man-portable  device  since,  in  order  to 
achieve  reasonable  efficiency,  a liigh-pressure  chamber  would  have  to  be  employed. 

Such  a chamber  necessarily  must  have  a thick  window,  which,  in  turn,  would  severely 
attenuate  the  hackscatter  flux. 

14.  Contract  DAAK02-69-C-0263.  Contract  0229  (paragraph  13)  established  the 
feasibility  of  utilizing  photon  hackscatter  to  detect  explosives  buried  under  soil  over- 
burdens. The  initial  phase  of  Contract  0263  sought  to  determine  the  nature  of  tin; 
underlying  phenomena  which  made  this  technique  feasible.  Later  phases  of  this  con- 
tract concerned  the  establishment  of  design  parameters  for  man-portable  and  vehicular 
mine  detectors.  Finally,  an  experimental,  vehicle-mounted  detector  was  fabricated,  and 
limited  field  tests  were  performed.  (Discussion  of  this  final  phase  of  Contract  0263  will 
be  deferred  to  section  IV.') 

At  the  outset  of  Contract  0263  it  was  assumed  that  the  interaction  mode  of 
primary  importance  for  mine  detection  was  single  scatter.  According  to  this  model,  the 
increase  in  backseat  ter  observed  over  the  target  was  due  to  the  decrease  in  attenuation 
of  the  incident  and  return  beams  as  they  passed  through  the  target.  See  Figure  24.  A 
computer  program  simulating  this  model  was  executed,  assuming  an  241  Am  source  and 
various  target  thicknesses  and  emplacement  depths.  Some  of  the  results  thereby  ob- 
tained arc  shown  in  Figure  25.  Note  that  R remains  constant  as  emplacement  depth  in- 
creases until  the  target  enters  the  crossover  region;  beyond  this  point,  R decreases  rapid- 
ly as  emplacement  depth  increases. 

In  order  to  test  these  results,  an  experiment  was  performed  which  simulated 
as  closely  as  possible  the  configuration  shown  in  Figure  24.  The  results,  shown  in  Figure 
26,  revealed  a roughly  exponential  decrease  in  It  as  emplacement  depth  was  increased, 
in  complete  contradiction  to  the  computer  results.  It  was,  therefore,  concluded  that 
single  scatter  could  not  be  the  mode  of  interaction  of  greatest  import  for  mine  detection. 
Further  studies  were  performed  using  this  geometry,  replacing  the  60-keV  241  Am  source 
with  an  X-ray  generator  operated  at  00,  I 10,  and  I 30  kVp.  Results  of  these  experiments 
are  shown  in  Figure  27.  (It  should  be  noted  that,  since  error  bars  are  not  shown,  there 
is  some  question  as  to  whether  or  not  the  curves  shown  cross  as  emplacement  depth 
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increases.  This  question,  ut  present,  is  still  unresolved.) 

Since  a single-scatter  model  clearly  did  not  satisfy  the  experimental  results, 
another  model  had  to  be  developed.  To  this  end,  a series  of  experiments,  known  as  I 

“iron  curtain”  experiments,  was  performed.  | 

A 3/8-inch-thick  iron  sheet,  perpendicular  to  the  plane  of  the  source  and  de-  'j 

lector  collimator  axes,  was  inserted  in  the  middle  of  a DNB  target.  See  Figure  28.  The  j 

effect  of  this  “iron  curtain”  was  to  prevent  the  horizontal  flow  of  photons  from  one  1 

half  of  the  target  into  the  other.  An  X-ray  generator,  operated  at  80, 110,  and  130  kVp,  ■; 

was  used  as  the  source.  The  emplacement  depth  of  the  target  then  was  varied  from  0 to  ! 

4 inches.  The  result  (Figure  29)  was  that,  instead  of  the  usual  decrease  in  backscatter 
flux  as  target  depth  increased,  there  was  a gradual  increase  in  backseatter  flux.  On  the 
basis  of  this  experiment,  it  was  concluded  that  the  target  itself  furnished  a low-attenua- 
tion path  for  photons  to  pass  from  source  to  detector.  Geometrically,  for  photons  to 
follow  such  a path,  they  must  he  scattered  two  or  more  times.  Consequently,  it  was 
concluded  that  multiple  scatter  was  the  interaction  mode  of  principal  importance  for 
mine  detection. 

The  second  phase  of  this  contract  concerned  the  establishment  of  design  param- 
eters for  a vehicle-mounted  detector  through  the  parametric  variation  of  source  energy 
and  certain  geometric  variables.  To  this  end,  the  soil  box  constructed  for  contract  0229 
was  employed.  The  source  was  a Norcleo  KM 40  X-ray  generator,  continuously  variable 
from  20  to  140  kVp  and  from  0 to  3 in  A.  The  X radiation  generated  was  vertically  inci- 
dent on  the  soil  surface  and  had  a bcamspread  half-angle  of  3°.  The  detector  was  a 
llarshaw  Nal(TC)  scintillator,  1.5  inches  in  diameter  by  I inch  thick,  with  an  8°  half- 
angle  collimator.  The  target  for  these  experiments  was  a 2 by  8 by  2-inch-thick  DNB 
block  aligned  with  its  long  axis  in  the  souree/deteetor  plane.  See  Figure  30.  The  geome- 
trical parameters  varied  in  these  experiments  were  h,  q,  mine  emplacement  depth  (d), 
and  angle  of  incidence  of  the  detector-collimator  axis  (0).  The  range  of  variation  for 
each  of  the  variables  is  shown  below. 


Range  of  Variables  for  Parametric  Study  (Vehicular) 


Variable 

Values 

F,(kVp) 

90;  NO;  130 

0 (Deg) 

0;  5;  10; 15; 20 

li  (In.) 

13.5-19.5  (l-inch  Increments) 

«!  (,»-) 

8.75;  9.25;  9.75;  10.25 

d (In.) 

0;  1 ; 2;  3;  4 
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Kitfiirr  29.  Ui'Htilth  of  "iron  rurtaiii”ex|)criinciit8.  (After  Tucker,  Miller,  and  Hudspeth 
( ion'.racl  I )AAK()2-69-C-()26.'t) 


As  a result  of  this  study,  values  for  the  geometric  and  energy  variables  were  selected  for 
incorporation  in  a vehicular  detector  which  (a)  maximized  R,  (|>)  minimized  A 0/Ah, 
and  (e)  maximized  0. 

By  varying  0 and  q,  test  personnel  observed  that  tin;  0-value  at  which  maximum- 
R obtained  decreased  as  q decreased.  Further,  it  was  observed  that  tiie  maximum  R 
value  increased  us  q decreased.  By  extrapolation,  then,  it  was  inferred  that  the  highest 
R value  would  obtain  for  0-0  and  q 2*  7 inches  (i.e.,  q slightly  less  than  the  length  of  the 
target). 


By  vurying  K and  the  turget  emplacement  depth  (d),  it  wus  determined  that: 
(u)  for  d<  2 inches,  R increased  us  K decreased;  (b)  for  d - 2 inches,  R was  roughly  in- 
dependent of  K; and  (e)  for  2<d<4  inches,  R increased  as  K increased.  The  value  of  R 
wus  essentially  unity  (no  detection)  for  d > 4 inches.  See  Figure  .'1 1 . In  ail  eases,  0 in- 
creased as  K increased.  (It  should  he  noted  that  for  this  part  of  the  study  the  target  was 
a y.5-inch-diumeter  by  3.5-inch-thick  block  of  l)NB.) 


By  vurying  K,  h,  q,  and  0,  it  wus  determined  that:  (u)  for  constant  q and  0,  R 
was  independent  of  h (and,  for  d ~ 2 inches,  independent  of  li);  (b)  for  constant  K and  q, 
A 0/Ah  wus  u minimum  for  0=0  and  increased  as  0 increased;  and  (c)  no  unambiguous 
dependence  of  A0/Ah  on  either  q or  R was  found. 

Bused  on  the  above,  it  wus  decided  Shut  the.  optimal  parameters  for  a vehicle- 
mounted,  photon-buckseuttcr  mine  detector  would  be  0=0,  q = expected  turget  diameter, 
and  K > 130  kVp  for  an  X-ray  source.  No  upper  hound  was  determined  for  K since  the 
maximum  operating  potential  for  the  X-ray  generator  employed  was  140  kilovolts.  It 
ulso  should  he  noted  that  the  optimal  K value  for  an  X-ray  source  is  not  necessarily  dial 
for  u gumma  source;un  X-ray  turget  produces  a spectrum  of  energies,  the  number  of 
photons  per  unit  energy  interval  decreasing  as  energy  increases,  with  essentially  no  pho- 
tons being  produced  at  the  operating  potential  of  the  tube. 

In  addition  to  the  parametric  studies,  the  above  experimental  setup  was  used 
to  determine  the  effects  of  soil-density  variations  and  of  disturbed  soil.  The  red  clay 
first  was  replaced  with  sand,  the  latter  having  a density  of  1 .11  g/cm3 , as  opposed  to 
1 .36  g/etir1  foi  the  former.  The  results,  obtained  for  different  values  of  K and  d,  arc 
shown  in  Figure  32.  Note  that,  for  flush  emplacement,  R values  art  higher  for  sand  than 
for  day.  However,  the  slopes  of  the  R-versus-d  curves  for  sand  an*  sleeper,  with  an 
energy  crossover  at  1 inch  (instead  of  at  2 inches)  and  with  the  point  of  zero  detection 
occurring  at  ~ 3 inches  (as  opposed  to  ~ 4 inches). 

Next,  a soil  box  of  uniform  density  (1.7  g/cin3)  was  prepared.  A volume  at 
the  surface  of  the  soil,  12  inches  in  diameter  and  4 inches  deep,  was  removed  and 
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Figure  31.  R versus  emplacement  depth  in  red  elay  for  different  X-ray  tube  potentiuh 
(After  Tue.ker,  Miller,  and  Hudspeth;  Contract  DAAK02-69-C-0263) 
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replaced  with  some  of  the  same  soil  but  with  a different  air-void  fraction.  Surface  densi- 
ty ,vas  varied  in  this  manner  from  1.0  to  1.7  g/cm3,  Backscatter  measurements  made 
over  this  area  showed  values  of  ft  greater  than  unity,  decreasing  from  2.2  to  1.0  over  the 
designated  density  range. 

Whether  or  not  this  sensitivity  to  disturbed  soil  is  desirable  in  a mine  detector 
is  debatable.  On  the  positive  side,  the  soil  over  a freshly  emplaced  mine  is  not  likely  to 
be  as  well  compacted  as  the  soil  in  the  surrounding  area.  Thus,  a mine,  no  matter  how 
deeply  buried,  might  be  sensed  by  detecting  the  disturbed  soil  above  it.  On  the  negative 
side,  any  naturally  occurring  soil-density  variation  of  appropriate  spatial  frequency  would 
produce  a false  alarm.  In  addition,  once  the  mode  of  detection  became  known  to  the 
enemy,  he  could  generate  false  alarms  (i.e.,  refilled  holes)  at  will  for  purposes  of 
harassment. 

The  third  research  phase  of  Contract  0263  consisted  of  an  attempt  to  estab- 
lish design  parameters  for  a man-portable  mine  detector.  To  that  end,  u 1 Ci241  Am 
source  was  employed.  (At  that  time,  X-ray  sources  light  enough  to  be  considered  for 
the  man-portable  application  were  beyond  the  state  of  the  art.)  The  detector  was  1 -inch- 
diameter  by  1 -inch-thick  Nal  (Tfi).  The  principal  difference  between  this  and  the  pre- 
ceding phase  of  the  work  was  that,  in  this  latter  ease,  tie  source  and  detector  collima- 
tors were  quite  “loose.”  A source  half-angle  of  ~ 40°  and  a detector  half-angle,  of  ~ fit)0 
were  utilized  in  order  to  achieve  reasonable  countratcs.  As  a result,  there  was  consider- 
able overlap  of  source  and  detector  collimator  cones.  See  Figure  33. 

The  targets  for  this  study  were  2-  by  2-  by  4-inch  blocks  of  DNB  emplaced  in 
a red-clay  soil  medium  at  depths  of  Vi  and  1 inch.  As  before,  h,  q,  and  d were  purametri- 
cally  varied.  However,  in  this  case,  v?  (the  angle  of  incidence  of  the  source  collimator 
axis)  was  varied,  and  0 was  held  constant  at  0°.  The  range  of  variation  for  each  param- 
eter is  shown  below. 

Range  of  Variables  for  Parametric  Study  (Man-Portable) 

Variable  Values 


h (in.) 

q ('»•) 

(i  (ill.) 


-10°  to  33°  (5°  increments)* 
2.75;  3.75;  4.75 
3 to  5 (0.5-inch  increments) 
0.5  and  1.0 


* Negative  valuta  of  y refer  lo  the  Hource  collimator  axix  (doping  away  from 
the  detector. 

Results  of  this  study  demonstrated,  once  again,  that  optimal  values  for  ft 
occur  for  $ -■  0 - 0°  and  for  q Sf  target  diameter.  However,  the  ft-vaiucs  obtained  in  this 
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Figure  '53,  'nitial  {fcomdry  for  man-portable  detector  ex 
Miller,  and  Hudspeth;  (iontraet  DAAK02-69-C-0263) 
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} case  were  considerably  lower  than  those  obtained  previously,  primarily  because  single 

( scatter  near  the  surface  was  not  geometrically  excluded.  In  addition,  E was  found  to  de- 
li crease  as  h increased  (due  to  the  loose  collimation,  the  target-volume/soil-volume  ratio 

decreased  as  h increased),  and  <p  decreased  rapidly  as  h increased.  For  these  reasons,  it 
was  concluded  that  no  collimated-source-collimated-detector  geometry  utilizing  an  iso- 
I;  tropic  source  could  be  employed  in  a practical  man-portable  mine  detector. 

['■ 

5 Effort  on  developing  a man-portable  detector  would  have  been  terminated 

| after  Contract  0263  had  not  a radically  different  geometrical  approach,  conceived  by 

| Wendell  Miller  of  the  Nuclcar-Chicago  Corporation,  been  instrumented  in  a breadboard 

: detector  without  benefit  of  prior  laboratory  studies.  This  device,  depicted  in  Figure 

jf  34,  was  demonstrated  at  Fort  Belvoir  during  the  4th  quarter  of  Fiscal  Year  1969.  The 

. device  consisted  (fa  14  mCi  241  Am  source  coaxially  mounted  with  a Nal  (Tfi)  detector. 

t he  source  was  housed  in  a “stepped”  collimator,  tapered  toward  the  scintillator  sur- 
face, and  flared  about  the  radiation  exit  port.  Total  searchhcad  weight  was  ~ 3 pounds. 
Signal-processing  and  alarm  electronics  were  rack -mounted.  This  device  demonstrated 
j the  capability  of  detecting  1 -pound  blocks  of  DNB  emplaced  at  depths  of  up  to  ~ 1 inch 

in  a homogeneous,  inorganic  soil  medium.  The  device  had  to  be  held  at  a relatively  con- 
stant distance  (~  1.5  inch  ± 1 inch)  from  the  soil  surface  and  scanned  very  slowly;  but, 

| the  capability  it  demonstrated  had  been  unattained  previously  by  any  mine-detection 

| technique.  In  view  of  the  encouraging  performance  of  this  breadboard  device  and  of 

the  pressing  need  to  field  a device  capable  of  locating  small,  shallowly  buried,  nonmetal- 
lic  mines,  it  was  decided  to  forgo  the  usual  research  phase  of  development  and  to  attempt 
to  fabricate  prototype  detectors  capable  of  field  evaluation.  This  effort  was  funded  in 
December  1 969. 

15.  Contract  DAAK02-70-C-0I05.  The  primary  objective  of  this  contract  was  to 
design,  develop,  fabricate,  test,  and  deliver  two  experimental,  man-portable,  gamma-ray 
backscatter  mine  detectors  utilizing  the  coaxial  source/detector  geometry  discussed 
above.38  The  decision  to  proceed  immediately  with  the  construction  of  experimental 
models,  without  first  performing  extensive  laboratory  studies,  resulted  from  two  factors: 
(a)  The  success  of  the  breadboard  detector  which  had  been  demonstrated  the  previous 
spring,  and  (b)  the  need  to  field  a detector  capable  of  locating  small,  near-sr-face  anti- 
f personnel  mines  as  expeditiously  as  possible.  In  retrospect,  this  decision  was  a mistake. 

The  detector  searchheads  delivered  under  the  contract,  while  principally  differing  from 
the  breadboard  model  in  containing  two  detecting  elements  rather  than  one  (each 
incorporating  a 100-mCi,  rather  than  14-mCi  241  Am  source),  also  contained  some  rather 
minor  geometrical  changes.  The  results  of  these  minor  changes,  however,  proved  to  be 
) rather  major.  The  experimental  detectors  were  capable  of  locating  only  large  blocks  of 

'***  Normally,  discussion  of  Contract  DAAK02-70-C-0105  wouid  be  deferred  to  section  IV,  since  this  contract  was 
concerned  primarily  with  hardware  development,  its  inclusion  in  section  HI  is  necessary,  however,  in  order  to 
i achieve  chronological  clarity. 
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explosives  20  pounds)  which  were  essentially  flush  with  tlie  surface.  With  the  recogni- 
tion of  the  (lungers  inherent  in  attempting  to  implement  a technique  not  fully  understood, 
u new  contract  wus  awurded  which  required  performance  of  the  type  of  laboratory  in- 
vestigations previously  neglected. 


16.  Contract  l)AAK0^  . i-C-0359.  The  initial  objective  of  this  contract  was  to 
guin  an  understanding  of  the  design  critcriu  for  u coaxial  buckscuttcr  sensor  by  meuns  of 
an  extensive  parametric  investigation  of  the  geometrical  variables  involved.  For  purposes 
of  this  investigation,  the  II. S.  M-14  nonrnetallic  antipersonnel  mine  wus  designated  us 
the  target  of  principal  interest,  replacing  tin*  ~ 0.5-pound  blocks  of  1)NH  and  DNT  that 
had  been  employed  previously. 


The  M-14  mine  consists  of  a cylindrical  plastic,  body,  2-3/16  inches  in  diam- 
eter by  1-9/16  inches  deep.  The  main  ehurge  consists  of  1 ounce  of  tetryl  located  in 
the  lower  hull'  of  the  mine  ease,  below  a partition  that  separates  the  ehurge  from  the 
firing  mechanism.  The  detonator  is  located  ut  the  center  of  the  tetryl  charge.  Total 
weight  of  the  mine  is  ~ 3-1/3  ounces.  Sec  Figure  35.  For  purposes  of  this  investigation 
I ounce  of  DNT  was  cast  into  the  bottom  of  empty  M-14  mine  cases  with  the  detona- 
tor removed. 


The  experimental  sensor  used  for  these  studies  is  sketched  in  Figure  36.  The 
source,  wus  I (X)-tn(ii  241  Am,  the  detector  a 1 .75-inch-diamcter  by  0.25-inch-thick  Nul  (TK) 
crystal  coupled  to  a 2-ineh-diumeter,  RCA  0342  photomultiplier  tube.  The  primary 
source  shield,  mounted  below  tin;  scintillator,  wus  a 0.75-inch-diumeter  by  1.5-inch- 
long  lead  cylinder.  The  M-14  targets  were  emplaced  at  depths  of  from  0 to  2 inches  in 
a homogeneous  red-day  soil  medium.  Reproducible,  three-dimensional  positioning  of 
the  experimental  sensor  over  the  soil  was  achieved  by  installing  the  sensor  between  the 
motor-support  forks  of  a radial-arm  saw. 


The  dimensions  labeled  A,  11,  C,  h,  and  d in  Figure  36  were  varied  parumetricully 
over  the.  range  of  values  specified  in  Table  4.  The  resulting  datu  are  contained  in  the  final 
report  and  will  not  be  reproduced  here.  The  design  parameters  selected  from  this  data 
field  to  implement  in  an  advanced  experimental  scurchhcud  represented  a trade-off  which 
maximized  R over  the  target  while  maintaining  a low  value  for  A 0/Ah,  and  a high  value 
for  0.  The  parameters  selected  were  A = 0.25  inch,  It  1.25  inches,  and  (1  - 1.50  inches. 
As  a result  of  varying  A,  II,  and  V,  in  0.06-inch  increments  about  these  values,  it  was  de- 
cided that  A = 0.25  inch,  II  - 1.12  inches,  and  (!  - 1.50  inches  represented  the  optimal 
configuration  for  incorporation  in  a coaxial  scarehheud  designed  to  detect  M-14  mines. 

The  resulting  buckscuttcr  countrate  was  ~ 10s  cpm  over  soil,  the  change  in  eounirate 
with  sensor  height  was  less  than  ±5  percent  for  1.5  < h < 3.5  inches,  and  R was  1.24  for 
d ■ 0.5  inch  and  h - 2.0  inches.  Ily  displacing  the  axis  of  the  sensor  relative  to  the  axis  of 
the  target  in  0.5-inch  increments,  it  was  found  that  R decreased  from  '“1.24  to  ~|.I8  at 
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Table  4.  Range  of  Variables  for  Parametric  Study  (Coaxial  Man-Portable) 


Symbol 

Parameter 

Range  of  Variation 
(In.) 

Increments 

(In.) 

d 

Burial  Depth 

o 

1 

o 

0.5 

h 

Height 

1. 0-3.0 

0.5 

A 

Collimator  Aperture 

0.05-0.25 

0.005 

B 

Scatter-Shield  Diameter 

0.75-1.50 

0.25 

C 

Detector  Aperture 

1.00-1.75 

0.25 

N 

Lateral  Displacement 

o 

c4 

1 

o 

0.5 

V 

Scan  Velocity 

0-3  ft/s 

1 ft/s 

1 inch  off-axis  and  to  — 1.10  at  1.5  inches  off-axis.  As  a compromise,  it  was,  therefore, 
decided  that  each  sensor  element  effectively  could  cover  2 inches  laterally  (i.e.,  the  tar- 
get could  be  detected  if  it  passed  beneath  the  sensor  at  a maximum  of  1 inch  off-axis). 
This,  in  turn,  necessitated  that  three  sensor  elements  be  employed  to  achieve  the  design 
goal  of  6-inch  lateral  coverage  for  the  entire  searchhead. 

A total  of  three  advanced  experimental  mine  detectors,  each  employing  a 
searchhead  with  three  sensor  elements  conforming  to  the  optimal  geometry  specified 
above,  were  fabricated  and  shipped  to  Fort  Belvoir  for  test  and  evaluation.  A more  de- 
tailed account  of  these  detectors  and  a summary  of  the  performance  data  obtained  with 
them  will  be  found  in  section  IV.  For  the  present,  it  is  sufficient  to  state  that,  while 
these  detectors  were  capable  of  detecting  M-14  mines  buried  at  depths  of  up  to  0.5  inch 
in  a homogeneous  soil  medium  at  lateral  search  speeds  of  ~-'l  ft/s,  it  was  believed  that 
the  sensitivity  of  these  detectors  to  vegetative  ground  cover  was  such  that  the  detectors 
would  not  be  acceptable  in  the  field.  It  was,  therefore,  decided  that  the  coaxial  sensor 
design  would  not  be  pursued  further  and  that  every  effort  would  be  made  to  improve 
detector  performance  against  the  M-14  mine  emplaced  in  soil  with  appreciable  organic 
content. 


The  decision  to  continue  effort  on  the  development  of  a man-portable  gainma- 
buckscatter  AP-mine  detector  was  based  on  the  results  of  a limited,  in-house  program 
which  demonstrated  that  detection  of  an  M-14  could  be  effected  utilizing  an  uncollimat- 
ed-source-collimated-detector  geometry  (geometry  (<:))  in  certain  instances  when  the 
same  mine  could  not  be  detected  by  a coaxial  sensor.  It  was  recognized  that,  in  abandon- 
ing the  coaxial  geometry,  the  principal  advantage  of  that  geometry  (insensitivity  of  the 
eountrate  to  small  changes  ii.  sensor  height)  also  would  have  to  be  relinquished.  In  addi- 
tion, it  was  recognized  that  only  limited  improvement  in  detector  performance  in  vegeta- 
tive areas  could  be  expected  (due  to  the  detection  principle  employed)  and  that  substan- 
tial variations  in  the  amount  of  vegetation  present  would  result  in  continual  false  alarms. 
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In  order  to  obtain  the  greatest  probability  of  success  in  a limited  time  frame, 
parallel  efforts  were  initiated.  Contract  DA.4  K.02-71  -C-0359  with  the  Nuclear-Chicago 
Corporation  was  modified,  and  that  effort  was  redirected  to  investigate  the  possibility 
of  utilizing  a collimated-source— collimated-detector  geometry  (similar  to  that  employed 
in  the  vehicle-mounted  detector  developed  under  Contract  DAAK02-69-C-0263)  in  a 
man-portable  configuration.  At  the  same  time,  a contract  was  awarded  on  a competitive 
basis  to  the  Industrial  Nucleonics  Corporation  to  investigate  the  possibility  of  utilizing 
an  uncollimated-source-collirnated-detector  geometry  in  a man-portable  system.  Effort 
under  both  contracts  was  to  include  investigations  of  potential  height-compensation 
techniques. 


Since  extensive  investigations  of  geomctry  (b)  were  conducted  by  Nuclear- 
Chicago  Corporation  under  Contract  DAAK02-69-C-0263,  the  performance  characteris- 
tics of  a man-portable  detector  utilizing  this  geometry  were  fully  anticipated.  Conse- 
quently, only  limited  laboratory  studies  were  performed  to  verify  that:  (a)  maximal  E 
values  obtained  for  q — mine  diameter  (2  inches  in  this  case);  (b)  R decreased  rapidly 
as  h increased;  (e)  0 increased  rapidly  and,  for  the  chosen  geometrical  parameters,  nearly 
linearly  as  h increased;  and  (d)  0 was  appreciably  lower  for  this  geometry  than  geometry 
(d)  for  comparable  source  activity.  These  characteristics  necessitated  that,  by  utilizing 
geometry  (b),  the  resultant  detector  would  have  to  operate  closer  to  the  ground  and  more 
slowly  than  the  coaxial  detectors  fabricated  previously.  However,  it  also  would  be  possi- 
ble to  attain  appreciably  higher  values  of  It  than  were  previously  possible.  In  fact,  for 
an  M- 1 4 in  red  clay  and  for  h = 2 inches,  it  was  found  that  R = 1 .88  for  d = 0 inch  and 
R = 1.26  for  <1  = 0.5  inch  for  this  new  geometry;  whereas,  for  the  coaxial  design,  R = 1.49 
for  d = 0 inch  and  It  = 1.14  for  d = 0.5  inch.  Ry  moving  the  new  sensor  even  closer  to 
the  surface,  It  values  were  found  to  increase  dramatically:  for  h = 0.5  inch,  R = 4.85 
for  d = 0,  and  It  = 2.60  for  d = 0.5  inch.  Since  these  large  R values  only  would  be  of 
use  if  a means  could  be  found  to  compensate  for  the  changes  in  0 resulting  from  small 
Invariations  (0  was  found  to  decrease  by  a factor  of  three  as  b was  increased  from  0.25 
to  2.0  inches),  the  primary  R&I)  effort  under  this  phase  of  the  contract  was  directed 
toward  this  end. 

Several  techniques  were  tried  in  order  to  obtain  this  desired  result.  The  first 
technique  considered  consisted  of  placing  a small,  uncollimated  Geiger-Mueller  (GM) 
tube  midway  between  the  source  and  detector  at  the  bottom  of  the  sensor.  Thus  placed, 
the  GM  tube  primarily  “viewed”  photons  singly  scattered  from  the  soil  volume  directly 
below  the  collimated  source.  As  a result,  the  countrate  obtained  from  the  GM  tube  de- 
creased as  h increased.  It  was  empirically  determined  that  the  slopes  i the  0 versus  h 
curves  for  the.  GM  (height)  and  scintillation  (mine)  sensors  were  es>cu  Rally  constant 
over  the  range  0.25  < h < 2.0  inches,  although  the  magnitude  of  0 \/as  found  to  be  a 
different  function  of  soil  composition  for  the  two  sensors.  (See  Figure  37.)  Ry  adding 
the  outputs  from  the  two  sensors  (0j  + m03 , where  rn  is  a multiplicative  constant  built 
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MiNE  SENSOR  RETURN  RATE  (COUNTS/SEC  X 103) 


HEIGHT  SENSOR  RETURN  RATE  (COUNTS/SEC  X 10'2) 


into  tin*  system),  tin*  resultant  signal  was  found  to  l>e  only  moderately  sensitive,  to  height 
variations  (~  ± 4.5  percent  over  grass  and  ~ ± 18  percent  over  inorganic  soil),  The  ± It! 
percent  variation  found  over  inorganic  soil  was  not  considered  critical  because  of  (lie 
large  H values  attainable  over  this  type  of  soil  by  the  mine  sensor.  The  primary  disad- 
vantage o('  this  teelmitjue  was  its  sensitivity  to  small  changes  in  soil  microrelief:  The 
mine  sensor  was  found  to  be  primarily  sensitive  lo  variations  in  h between  the  scintilla- 
tion detector  and  the  soil  surface;  whereas,  the  taught  sensor  was  found  to  la;  primarily 
sensitive  to  variations  in  It  between  the  souice  and  the  soil  surface, 

In  order  lo  overcome  this  deficiency,  it  was  decided  that  it  was  essential 
that  the  height  sensor  view  the  same  area  on  the  soil  surface  as  di  i the  mine  sensor. 

To  this  end,  a iJM  tube  was  placed  inside  the  mine-sensor  collimator,  just  in  front 
of  the  scintillator.  In  order  to  generate  a nouiuterfering  height-sensor 
signal,  an  uncnllimatcd  y° Sr/90  V fJ~  source  (0~nM  ~ 0.546  and  2.27  MeV)  was  em- 
ployed, See  Figure  lift.  The  CM  lube  employed,  while  only  I to  I!  percent  efficient 
for  baekseattered  y radiation,  was  virtually  I 00  percent  efficient  for  P'  radiation. 

On  the  other  hand,  the  aluminum  window  on  the  scintillator,  while  almost  transparent 
to  7 radiation,  was  virtually  opaque  to  baekseattered  |T's.  Some  slight  contribution  from 
the  t>0 Sr/’0  V source  to  the  mine-sensor  signal  resulted  from  (!'  breinsslruhlung,  but  this 
contribution  was  found  lo  he  negligible  when  both  upper-  and  lower-level  discriminators 
were  employed  to  delimit  the  energy  bandwidth  of  the  accepted  photomultiplier  pulses. 
The  output  of  the  height -sensor  channel  was  found  lo  decrease  nearly  exponentially  as 
h increased  from  I to  4 inches  (Figure  56).  Specifically,  </»2  exp  (-ali-h).  where  a is  a 
constant  of  the  system  and  h is  a constant  that  depends  on  soil  type;  consequently,  by 
summing  0i  and  k’n  02  it  was  possible  lo  obtain  a nearly  constant  signal  level  ash  was 
varied  from  I lo  4 inches.  This  resulted  in  an  increase  in  the  signal  level  as  the  sensor 
passed  over  the  target.  See  Figure  40.  The  principal  disadvantage  of  this  approach  was 
that,  since  )3's  in  this  energy  range  have  a range  which  is  negligible  compared  to  the  mean 
free  path  of  00-keV  gammas,  the  height  sensor  moniloreo  h from  the  mine  sensor  to  the 
nearest  solid  material,  he  that  material  the  true  soil  surface  or  he  it  a dried  leaf  or  blade 
of  grass  above  the  surface.  This  approach  also  required  that  a calibration  procedure  be 
curried  out  before  the  detector  could  he  utilized  for  any  one  soil  type. 

An  experimental  searehhead  and  electronics  package  incorporating  this  hcighl- 
eompensalion  technique  was  fabricated  and  shipped  lo  Fort  lielvoir  for  testing.  A 
description  of  this  system  and  the  results  of  testing  will  he  found  in  section  IV. 


COUNTS/24  SECONDS 


3 x 104 


2 x 104 


104 
9 x 103 
8 x 103 
7 x 103 

6 x 103 


5 x 103 


Figure 


METER  READING 


17.  Contract  DAAK02-72-C-0619.  The  purpose  of  this  contract  was  to  develop 
an  experimental  mine  sensor  capable  of  locating  M-14,  nonmetallic,  antipersonnel  mines 
buried  at  operational  depths  in  reasonably  organic  soil  media.  To  this  end,  the  contrac- 
tor, the  Industrial  Nucleonics  Corporation,  was  constrained  to  utilize  an  uncollimated 
source  and  a collimated  detector.  Effort  under  this  contract  centered  on  two  problems: 

(1)  developing  a detector  collimator  which  would  maximize  the  target  signal,  and 

(2)  devising  a height-compensation  technique  which  would  enable  field  utilization  of 
the  otherwise  extremely  height-sensitive  uncollimatcd-source  - collimated-detector 
geometry. 

The  test  setup  utilized  for  this  contract  consisted  of  a wooden  box,  6 feet  by 
8 feet  by  8 inches  deep,  which  was  partitioned  into  four  compartments.  Each  compart- 
ment contained  a different  soil  type:  sand,  roadbed  (rock  and  clay),  humic,  and  grass- 
covered  humic.  None  of  these  soils  lu*d  appreciable  iron  content  (i.c.,  the  Z contrast 
between  the  soil  and  the  mine  was  not  unusually  high),  and  all  were  watered  periodically 
to  assure  normal  moisture  content  (10  to  30  percent  by  weight).  The  humic  soil  con- 
tained 12.6  percent  organic  material  (combustion  loss,  dry  weight);  the  grass,  in  the 
grass-covered  humic  section,  was  never  cut,  resulting  in  an  extremely  lush  ground  cover. 
A metal  frame  surrounding  the  soil  box  supported  the  transport  mechanism.  This  mech- 
anism permitted  the  sensor  to  be  rcproducibly  positioned  (±  1/16  inch)  anywhere  above 
the  soil  box  in  all  three  dimensions.  See  Figure  41. 

In  order  that  the  detection  characteristics  of  the  mine  sensor  remain  stable 
over  a usable  range  of  operating  heights,  initial  effort  under  this  contract  concerned  the 
development  of  a detector  collimator  which  would  enable  the  maintenance  of  maximum 
R values  for  an  M-14  mine  as  the  sensor  height  was  varied  from  2 to  !>  inches  above  the 
soil  surface.  This  was  accomplished  by  fabricating  a breadboard  sensor  utilizing  the 
une.ollimaled-souree  collimated  detector  geometry  (q  ;•  2,3  inches)  and  by  using  simple 
right-cylindrical  collimators  of  variable  length  (half-angle).  Figure  42  shows  Iv  values 
obtained  with  this  arrangement  as  a function  of  sensor  height.  On  the  basis  of  these 
data,  it  was  determined  that  a half-angle  of  r .lu  both  maximized  11  and  maintained  a 
relatively  constant  value  of  11  over  a 2-  to  S inch  operating  range.  Experiments  also  were 
performed  wherein  II  values  were  obtained  at  various  positions  over  the  target  as  the 
sensor  moved  along  a diameter.  Results  c(  one  such  experiment,  for  the  ,r>,l°  half-angle, 
collimator,  are  shown  in  Figure  43.  Distance  measurements  are  from  the  center  of  the 
mine  to  the  center  of  the  collimator.  Note  that  maximum  11.  ot  urs  when  the  target  is 
slightly  offset  toward  the  source. 

Knowing  that  a f>.  I ° half-angle  collimator  will  function  well  in  a mine  sensor 
is  of  little  value  in  itself,  since,  for  a I -inch-diameter  detector,  this  would  mean  using  a 
collimator  almost  a fool  long.  However,  the  performance  characteristics  of  this  collima- 
tor ea::  I,"  used  as  reasonable  pet  for  man  ee  erilei  ia  in  the  design  of  more  eompaet 
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collimators.  These  criteria  were  satisfied  (and,  indeed,  slightly  surpassed)  hy  a 1.5-inch- 
long  multiapcrlurc  collimator  with  holes  of  different  diameters.  See  Figure  44. 

It  should  he  emphasized  that  the  development  of  a mine  sensor  for  which  K 
is  independent  of  h does  not  imply  that  0 ’will  he  independent  of  h or  of  soil  type. 

Figure  45  shows  the  h and  soil-type  dependence  of  0 for  an  uncollimated-souree  - 
collimated-detector  sensor  utilizing  a slightly  less  ideal  honeycomb  collimator.  Since  0 
is  seen  to  Is;  a strong  function  of  soil  type,  the  abrupt  increase  in  <p  resulting  from  tra- 
versing a grassy  patch  of  ground  must  induce  a false  alarm.  Further,  unless  some  means 
can  Ik:  found  to  '-ornpensate  for  <j>  changes  due  to  small  h fluctuations,  no  viable  mine  sen- 
sor can  result.  This  brings  us  to  the  second  major  problem  undertaken  in  this  contract: 
devising  a realistic  height-compensation  technique. 

hike  TNI)  (Texas  Nuclear  Division),  IN  (Industrial  Nucleonics)  undertook  to 
investigate  several  height-detection  techniques,  namely:  beta  baekscatter,  gamma  back- 
scatter  using  an  uncollimated  source  and  an  uneollimated  detector,  and  K-edge  filtration 
of  the  gamma  baekscatter  into  a collimated  detector. 

The  heta-haekseatter  study  was  conducted  first  using  uneollimated  90 Sr/ 

90  V and  85  hr  sources  and  a collimated  Nal  (TE)  detector.  Counirate  as  a function  of 
sensor  height  was  determined  for  each  of  the  four  soil  types.  Results  of  these  measure- 
ments are  shown  in  Figures  46  and  47.  Note  that , for  each  soil  condition,  the  count- 
rate  is  found  to  reach  a maximum  for  h --  1.5  inches  and  then  to  fall  off  rapidly  as  h in- 
creases further.  These  results  are  in  qualitative  agreement  with  those  obtained  hy  TNI), 
and,  like  those  of  TNI),  could  be  used  as  a basis  for  a height -compensated  detector,  pro- 
vided that  we  are  willing  to  accept  the  requirement  that  the  detector  be  recalibrated  for 
each  soil  type  encountered.  (Note  the  change  in  counirate  with  soil  type  in  Figures  46 
and  47.) 


Utilizing  an  uneollimated  gamma  detector  proved  to  afford  a simple  means  of 
height  compensation,  provided  we  are  concerned  only  with  changes  in  detector  elevation 
above  a level  soil  plane.  Figure  It  I shows  the  results  of  this  phase  of  the  effort.  Note 
that  although  eountrate  may  he  wen  to  be  a function  of  soil  type  as  well  as  of  sensor 
height,  this  was  considered  an  advantage  in  this  ease,  since  the  eountrate  of  the  mine 
sensor  varies  as  a function  of  the  same  soil  variables  (i.e.,  p and  <’/  >).  However,  for 
this  technique,  the  height  sensor  roads  the  average  height  above  a large  area  of  the  sur- 
face. Since  the  eountrate  of  the  mine  sensor  depends  on  its  height  above  a small  (mine- 
size)  patch  on  the  surface,  a small  mound  of  soil  would  yield  a false  signal,  and  a mine 
depressed  below  the  surface  would  not  he  delected.  For  these  reasons,  no  furlln  .•  effort 
was  expended  on  this  technique. 
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The  final  technique  investigated  involved  the  use  of  rare-earth  filters.  The 
theoretical  explanation  of  this  technique  may  he  found  in  paragraph  1 lc  and  will  not 
be  repeated  here.  Three  filters  were  tried:  Sin,  Eu,  and  Gd,  which  have  K -edges  at 
46.8,  48.5,  and  50.2  ke  V,  respectively.  However,  since  no  attempt  was  made  to  opti- 
mize filter  thickness,  filter  placement,  or  souree/deteetor  separation,  and  since  optimi- 
zation of  all  of  these  parameters  would  he  required  to  fabricate  a ficidablc  detector, 
the  results  of  this  investigation  can  he  said  to  have  established  only  concept  feasibility. 

Figures  49  through  51  show  the  change  in  detector  eountrate  as  a function  of 
height  with  and  without  each  of  the  three  filters  and  with  and  without  an  M-14  mine 
in  sand.  If  the  addition  of  the  filter  achieved  its  desired  result,  a change  in  the  slope  of 
the  eoun Irate -versus-height  curve  was  to  be  expected.  As  may  be  seen  from  the  figures, 
significant  change  in  slope  was  observed  only  for  the  Eu  filter.  Consequently,  all  further 
studies  were  conducted  with  this  filter. 

Figures  52  through  54  depict  eountrate-versus-height  curves  over  the  three  re- 
maining soil  types  (roadbed,  humic,  and  grass-covered  humic).  Note  that,  as  expected, 
the  slopes  of  the  filtered  and  unfiltered  curves  continue  to  differ  for  all  the  soil  types. 
Unfortunately,  the  slopes  of  both  the  filtered  and  unfiltered  curves  do  appear  to  vary 
slightly  with  soil  type,  which,  in  turn,  makes  this  technique  of  height  compensation 
less  than  ideal.  Nevertheless,  filtration  was  considered  the  most  promising  height  - 
compensation  technique  nd  wus,  therefore,  implemented  in  an  experimental  sensor 
head.  Results  of  tests  w ti  this  head  will  be  found  in  section  IV. 

IV.  DELIVERED  HARDWARE 

The  purpose  of  this  section  is  to  briefly  describe  significant  end  items  delivered 
under  the  contracts  discussed  in  section  HI  and  to  present,  in  an  unclassified  context, 
the  capabilities  and  limitations  of  each. 

18.  Experimental  Vehicle-Mounted  X-Ray  liackscatter  Detector  of  Antivehieular 
Mines.  This  detector  was  designed  and  fabricated  under  Contract  DAAK02-69-C-0263 
with  the  Nuclear -Chicago  Corporation.  Minor  modification  and  extensive  testing  of  this 
detector  were  carried  out  under  Contract  DA  AK02-72-G-027 1 , also  with  Nuelear-Ghieago. 
Results  reported  here  are  extracted  from  the  Final  Report  of  this  latter  contract. ‘v> 

a.  Description.  The  detector  employed  geometry  (b),  utilizing  two  Dunlee 
Z-I4I  X-ray  tubes  as  the  source  and  four  hermetically  sealed  ( Is  I (TV)  scintillators 

W.  I),  Millrr  vt  ill..  Tint  anil  HiuliMtion  of  n l/  Iiwli'-Mounliil  l\ xiirrinwntnl  Exfilosiw  Si'iitot  Systvm  ('sin tt  V liny 
llnckscattiir  Ttulinhiiuti,  Owifidcnlul  I'  iiial  K<'|x>rt,  Gmtrari  l)AAK(l.'i-7J-(!-027l  (July  I '17.1). 
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coupled  to  RCA  6199  photomultiplier  tubes  as  the  radiation  detectors.  The  system 
could  be  mounted  either  directly  to  the  front  bumper  of  a '4-ton  truck  (Figure  55) 
or  at  the  end  of  a 7-foot  boom  supported  by  a low-pressure  tire.  Power  was  supplied 
by  a Honda  Model  1500K  motor/alternator  set.  Foi  evaluation  purposes,  a Honey- 
well Model  2206  Visieordcr  Oscillograph  was  employed  to  record  data  from  all  four 
detectors  and  a tachometer  simultaneously. 

Figure  56  is  a eloseup  of  the  searchhead.  The  X-ray  tubes  were  mounted 
horizontally  in  the  long  aluminum  tube  visible  below  the  support  frame.  Beam  collima- 
tion  was  provided  by  internal  litharge  sections  and  by  lead  sheet  wrapped  around  the 
outside  of  the  housing.  Positive  high  voltage  was  applied  to  the  tube  anodes  by  cables 
entering  at  each  end,  and  negative  high  voltage  to  the  cathode  and  filament  power  were 
supplied  by  a cable  entering  the  housing  from  the.  top.  The  dielectric-oil  coolant  entered 
ti  c tube  housing  from  both  ends,  flowed  around  the  tube  anodes,  and  exited  through  the 
center  top.  The  oil  pump  and  cooling  fan  were  housed  in  the  aluminum  box  to  the  right 
of  the  searchhead  shown  in  Figure  56.  High-voltage  ( 1 1 V ) power  supplies  (Hipotronics 
Power  Packs  Models  ROBP  and  80BN)  were  contained  in  the  aluminum  box  to  the  left 
of  the  searchhead,  along  with  a small  cooling  fan.  Kaeh  unit  supplied  up  to  60  kV  and 
5 mA  continuous.  Since  the  X-ray  tubes  were  operated  in  the  center-grounded  mode, 
each  unit  supplied  half  of  the  total  high  voltage.  The  emission  control  unit,  the  large, 
aluminum  can  situated  behind  the  X-ray  tubes  in  Figure  56,  later  was  replaced  by  an 
oil-filled  unit  situated  on  top  of  the  II V power  supplies.  By  sensing  the  current  drawn 
by  each  tube  from  the  negative  HV  supply,  the  control  unit  continuously  adjusted  fila- 
ment power  to  give  a constant  X-ray -emission  level  (usually  1 .2  mA  at  155  kVp,  contin- 
uous). The  Csl  (Tii!)  detectors,  situated  in  front  of  the  X-ray  tubes,  were  mounted  in 
lead  shields  to  prevent  the  feedthrough  of  direct  or  single-scatter  radiation,  (lollimation 
was  provided  by  1 -inch-deep  by  0.1 -inch-square  lead  honeycombs  and  by  a 4-inch-long 
annular  shield  mounted  below  the  honeycombs.  Kaeh  detector  viewed  a circular  area, 

~ 4.5  inches  in  diameter,  on  the  soil  surface  at  a nominal  operating  height  of  1 5 inches. 
The  reetangulai  object  at  the  front  of  the  searchhead  was  a mirror  which  permitted  the 
vehicle  operator  to  view1  the  soil  under  the  searchhead. 

Figure  57  shows  the  service  control  section  (behind  driver's  scat),  the 
electronics  section  (to  the  right  of  the  driver's  seat),  and  the  recorder  as  they  were 
mounted  in  the  !4-lon  truck.  The  service  control  section  distributed  power  from  the 
motor/alternator  set  (mounted  on  the  rear  bumper)  to  the  remainder  of  the  sy  tern.  The. 
electronics  him: t ion  contained  the  high -voltage  supply  for  the  photomultiplier  tubes  along 
with  four  independent  data  channels  and  the  tachometer.  Kaeh  data  channel  consisted 
of  a low-noise,  gain-controlled  amplifiers  single-channel  analyzer;  and  a variable-timc- 
constant  (25  to  1000-ms)  ratemeter.  Outputs  from  the.  ratemelers  and  tachometer  were 
recorded  on  the  strip-chart  recorder  mounted  at  the  right  rear. 
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b.  Teat  Condition!.  In  order  to  assess  the  performance  of  the  vehicle- 
mounted  system  for  various  soil  types  under  near -real-world  conditions,  tests  were  con- 
ducted along  dirt  roads  at  five  Government  facilities:  Fort  Hood,  Texas;  the  Mississippi 
Test  Facility;  Eglin  Air  Force  Base,  Florida;  the  Jefferson  Proving  Ground,  Indiana;  and 
For'.  Bel  voir,  Virginia.  Tests  were  conducted  over  a 3-month  period,  from  February 
through  May  1973.  Targets  for  these  tests  were  simulated  M-19,  M-15,  TMDB,  and  TM- 
60  antivehicular  mines.  (TM-60  mines  were  employed  only  at  Jefferson  Proving  Ground 
and  Fort  Beivoir.)  All  targets  were  filled  with  DNT  and  emplaced  in  accordance  with 
accepted  military  practices  as  outlined  in  FM  20-32  and  TM  9-1345-200.  Soil  density, 
depth  of  emplacement,  and  the  approximate  density  of  the  soil  replaced'over  the  target 
were  recorded.  In  addition,  runs  were  made  along  dirt  roads  in  wlvch  no  targets  were 
buried  in  order  to  gauge  the  incidence  of  false  alarms  and  to  determine  their  origin. 
Source/detectoi  separation  (q),  search  speed,  and  ratemeter  time  constant  were  para- 
metrically varied  in  order  to  determine  optimum  parameters  for  field  applicati  in.  The 
range  of  variation  of  these  parameters  is  shown  below. 


Range  of  Variables  for  Field  Tests  of  Vehicular  System 


Variable 


Range 


q (In.) 

Time  Constant  r(ms) 
Search  Speed  v (ft/s) 
Operating  Potential  (kV) 


4.75;  5.75;  6.75 
50; 100; 150 
4;  10 
135 


Based  on  this  study,  it  was  determined  that  q = 4.75  inches,  r = 50  ms,  and  v = 4 ft/s 
represented  the  best  combination  of  parameters  for  field  testing  against  antivehicular 
mines.  Higher  search  speeds  would  require  correspondingly  lower  values  of  r (see  dis- 
cussion in  paragraph  19c). 


c.  Test  Results.  Figures  5B-62  depict  the  results  obla:*ied  at  each  of  the 
five  test  locations,  setting  q = 4.75  inches,  r = 50  ms,  and  v = 4 ft/s,  with  the  search- 
head  coupled  directly  to  the  front  bumper  of  the  ‘/i-ton  truck.  In  each  case,  the  peak 
value  obtained  as  the  searchhead  passed  over  the  target  is  the  center  of  the  crosshatched 
region  at  the  top  of  the  data  bar.  The  width  of  the  crosshatched  area  represents  a ± 2 a 
variation  about  this  peak  value/  For  comparison,  the  average  background  level,  also  with 
a ± 2 a variation,  is  shown  next  to  each  target  return.  These  figures  show  a rapid  de- 
crease in  the  target  signal  as  emplacement  depth  is  increased  from  1 to  3 inches;  there 
is  a comparatively  smaller  decrease  from  3 to  4 inches.  At  no  time  did  a target  disappear 
entirely.  The  Russian  TMDB  presented  the  strongest  signature,  and  the  Russian  TM-60 
the  weakest. 


Figure  58.  Jefferson  Proving  Ground  results.  (After  Miller  et  ai.) 
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Figure  59.  Fort  Hood  results.  (After  Miller  (it  ul.) 
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Although  the  test  results,  as  presented  here,  appear  to  be  extremely  pro- 
mising, they  may  be  misleading  in  several  important  regards.  First,  the  system  was  tested 
in  areas  known  to  be  free  of  false  alarms  (e.g.,  buried  organic  artifacts,  near -surface  tree 
roots,  etc.).  Separate  searches  were  made  of  roadways  similar  to  and  in  the  neighborhood 
of  the  test  area  in  order  to  assess  the  expected  incidence  of  false  alarms.  A false  alarm 
was  considered  to  be  a point  in  the  background  (no  target)  trace  which  exceeded  the  nor- 
mal background  level  by  a certain  ratio  (R).  Consequently,  the  number  of  false  .larms 
encountered  per  mile  of  search  was  very  much  a function  of  the  minimal  R considered  to 
represent  an  alarm.  The  higher  the  threshold,  the  fewer  the  number  of  false  alarms  but, 
also,  the  lower  the  probability  of  detecting  a target.  For  example,  Table  5 shows  the 
probability  of  target  detection  and  the  number  of  false  alarms  per  mile  as  a function  of 
this  threshold  level  for  various  targets  and  target-emplacement  depths,  given  the  same 
operating  parameters  used  in  obtaining  the  data  shown  in  Figure  58.  Thus,  if  26  false 
alarms/mi  are  permissible,  then  anti  vehicular  mines  may  be  detected  reliably  when  em- 
placed at  a depth  of  3 inches  but  not  at  a depth  of  4 inches.  If  only  1 false  alarm/mi  is 
permissible,  then  mines  may  be  detected  reliably  oily  up  to  2 inches  deep.  It  should  be 
noted  that  the  entries  in  Table  5 were  arrived  at  by  an  inspection  of  the  strip-chart  re- 
cording. No  attempt  at  signal  processing  was  made.  Since  a mine  produces  a spike  of 
characteristic  duration  (as  a function  of  search  speed),  appropriate  signal  processing 
should  significantly  lower  the  falsc-ularrn  rate. 


Table  5.  Fulse-Alarm  Kate  and  Mine-Detection  Probability  ax  a Function  of  the 
Minimal  it  Value  Kequired  to  Trigger  an  Alarm 


Threshold 
K- Value 

Probability  of  Mine  Detection 

False 

A larms/ Mile 

M-l  9 h-vulues 

(Hi) 

TMDB  h-vulues 
(1m) 

TM-T0  h- 

(i!bl 

values 

I 

2 

3 4 

1 

2 

3 4 

1 

2 

;i 

1.1 

1 

i 

1 1 

1 

1 1 

1 

1 

1 

OO 

1.2 

1 

i 

1 1 

I 

1 

] 1 

1 

1 

1 
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i.:t 

1 

i 

1 (). 

7 

1 

1 

1 0.7 

t 

I 

1 

26 

1.4 

1 

i 

0.11  0. 

o 

1 

1 

0.9  0.2 

1 

1 

1 

1 

i.r» 

i 

i 

0.4  0 

! 

1 

0.5  0 

1 

) 

0.8 

1 

NOTH:  Data  taken  al  Jeffercm  Proving  Ground,  Indiana,  with  q - 4.75  inches,  v - 4 It/s  and  7 • 50  ms. 


Second,  the  test  areas  were  comparatively  level.  Although  geometry  (h) 
is  relatively  height -insensitive  (compared  to  geometries  (a)  and  (e)),  t!  is  known  that  deep 
ruts  (or  other  depressions)  of  width  comparable  to  a mine  diameter  will  produce  false 
alarms,  However,  no  tests  were  performed  to  quantitatively  assess  this  problem. 

Third,  the  I areas  were  either  free  of  surface  vegetation  (Jefferson 
Proving  (bound  and  Fort  Helvoir)  or  covered  with  moderate  vegetation  (Fort  Hood, 
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Mississippi  Test  Facility,  and  Eglin  Air  Force  Base).  Since  it  is  known  that  dense  vege- 
tation will  significantly  loWer  R over  a target  and,  if  nonuniform,  provide  u potential 
source  of  false  alarms,  results  obtained  along  roads  cannot  be  extrapolated  to  operations 
across  fields. 


Finally,  and  perhaps  most  importantly,  the  signal  obtained  by  the  search- 
head  is  partially  a function  of  soil  density.  Data  presented  thus  far  were  obtained  by 
emplacing  the  targets  according  to  standard,  Army  procedures-,  in  this  case,  this  resulted 
in  the  soil  above  the  mine  being  recompacted  to  approximately  75  percent  of  its  original 
density.  'Further  tests  by  the  contractor  demonstrated  that  if  the  soil  could  be  recom- 
pacted to  its  original  density  (which  was  not  always  possible),  half  the  signal  obtained 
from  a mine  emplaced  at  3 inches  was  lost  and  that  a mine  emplaced  at  4 inches  dis- 
appeared entirely.  (No  significant  signal  loss  was  noted  for  targets  emplaced  at  1 and 
2 inches.)  Consequently,  it  must  be  concluded  that  mines  emplaced  at  depths  of  4 
inches  or  more  and  which  have  “weathered  in”  will  escape  detection  by  this  system. 
Further,  in  areas  where  mines  have  beet,  freshly  emplaced,  the  enemy  could  generate 
false  alarms  for  harassment  purposes  by  digging  and  refilling  holes. 

d.  Conclusions.  In  these  tests,  the  vehicle-mounted,  X-ray  backseattcr  sys- 
tem was  demonstrated  to  be  capable  of  becoming  a practical  field  device  capable  of 
detecting  nonmetallic  antivehicular  mines  emplaced  at  depths  of  up  to  2 inches  along 
dirt  roads  maintained  in  reasonably  good  repair.  It  also  was  demonstiuted  that  mines 
freshly  emplaced  in  dirt  roads  ut  depths  r r 3 inches  or  more  could  be  detected  reliubly 
with  a reasonably  low  incidence  of  false  alarms,  provided  that  the  mine  emplacements 
are  the  only  holes  dug  and  refilled  along  the  roadbed. 

19.  Experimental  Man-Portable  Detector  of  Antipersonnel  Mines  (Coaxial  Geome- 
try). This  detector  was  designed  and  fabricated  under  Contract  DAAK02-71-C-0359 
with  the  Nuclear -Chicago  Corporation.  In  totul,  three  complete  detectors  were  fabri- 
cated. The  first  such  unit  utilized  100  mCi  of  241  Am  per  detection  element;  the  latter 
two  units  utilized  300  mCi  of  241  Ain  per  detection  element.  Test  results  reported  here 
were  obtained  at  Fort  Belvoir  with  the  first-delivered  detector.40 

a.  Description.  Figure  63  shows  the  scarchhead,  electronics  package,  and 
associated  hardware.  Figure  64  shows  the  system  in  use  at  the  Fort  Belvoir  Mine  hunes 
Test  Facility.  Note  the  three  cylindrical  housings  mounted  on  the  base  plate  of  the 
searchhead.  Each  of  these  housings  contained  a 1.5-inch-diameter  by  0.5-inch-thick 


40  because  of  the  degree  of  coilimation  required  by  the  searchhead  geometry,  the  ttourcc  surface  area  could  not  be 
increased.  Since  141  Am  hat  a low  specific  activity  ar<l  a low  gamma-ray  energy,  increasing  the  source  activity 
by  a factor  of  three  increased  the  gamma  flux  at  the  aperture  of  the  source  collimator  by  lent  than  50  percent. 
Consequently,  the  performance  manifested  by  the  f rst  searchhead  watt  not  significantly  different  from  that 
manifested  by  the  latter  two  acarchheads, 
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Figure  63.  Expenmental  man-portable  detector.  V3066 
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UsI  (TK) scintillator  coupled  lo  an  RCA  3I0I6F  photomultiplier,  an  24,Arn  source,  (in  tli is 
case,  100  mCi),  and  a combination  collimator  /scatter  shield  (see  Figure  36).  In  addition, 
lead  shields  were  positioned  along  part  of  the  interior  of  the  cylindrical  housings  to  pre- 
vent crosstulk  l>e tween  detection  elements.  The  meter,  visible  at  the  rear  of  the  search- 
head  in  Figure  64,  was  omitted  from  the  latter  two  detectors,  leaving  only  the  aural 
readout.  The  searchhead.  was  designed  to  operate  at  a height  above  the  soil  surface  of 
from  1.5  to  3.5  inches,  clearing  a swath  6 inches  wide  (2  inches  per  detection  element) 
with  a lateral  scan  speed  on  the  order  of  1 ft/s. 

The  electronics  package  contained  the  batteries,  the  high-voltage  supply 
for  the  photomultiplier  tubes,  three  linear  amplifiers,  three  discriminators,  three 
variable-time-constant  ralcn.eters,  and  the  aiurm  subsystem.  The  alarm  subsystem  pro- 
vided an  audio  signal  to  the  earphones:  the  frequency  of  this  signal  increased  with  the 
output  of  the  highest  reading  ratemeter.  In  addition,  jacks  were  provided  to  enable  the 
recording  of  the  tliree  ratemeter  outputs  directly. 

b.  Test  Conditions.  Tests  were  conducted  in  an  inorganic  clay  test  lane  at 
the  Fort  Helvoir  Mine  banes  Test  Facility.  The  composition  of  the  soil  was  72  percent 
Si()2, 20  percent  Fe2()3, 5 percent  organic,  and  3 percent  I!30;<n  Z>  s 12  (see  Table 
2).  For  purposes  of  these  tests,  the  detector  searchhead  was  nil  ached  to  u wooden  dolly 
suspended  on  tracks  above  the  test  lane.  Using  the  jacks  proven  d on  the  electronics 
package,  the  ratemeter  output  from  any  one  detection  element  was  recorded  on  a Hew- 
le<t  Packard  Model  321  strip-chart  recorder.  Search  speed  was  measured  by  dividing  the 
distance  traversed  by  the  total  time  expended.  However,  because  the  speed  of  the  dolly 
varied  greatly  from  point  to  point  for  the  same  selling  of  the  speed  control,  these  figures 
should  he  considered  only  as  average  speeds.  Similarly,  although  the  surface  of  the  lest 
lu.ie  was  nominally  level,  the  figures  given  for  detector  height  also  should  he  considered 
to  he  averages.  Targets  for  these  tests  consisted  of  M-14  antipersonnel-mine  cases  filled 
with  I ouii  ■ of  DNTand  of  moekupsof  PMN  (USSR)  and  P-PMA-l  (Yugoslavian) 
‘antipersonnel  mines.  The  foreign  mines  were  fabricated  in-house  from  drawings  in 
TM  5-2110  (Foreign  Mine  Warfare  Fquipmcnt)  and  conformed  to  the  originals  in  size, 
geometry,  total  weight,  and  weight  of  the  high-explosiv“  charge.  I)NT  was  used  in  place 
of  TNT,  and  the  balance  of  the  mine  was  constructed  of  hucite  and  epoxy.  See  Figure 
65  ami  Table  6.  All  targets  were  emplaced  in  a straight  line  along  the  centerline  <d’  the 
path  of  one  detection  element.  The  M-14  mines  were  emplaced  al  0 and  0.5  inch;  the 
P-PMA-l  and  PMN  mines  were  emplaced  at  0,  0.5,  and  1 .0  inch.  In  addition,  mines  with 
no  l)NT  fill,  emplaced  flush  with  the  surface,  and  an  empty  M-25,  wilh  its  pressure  plate 
above  the  surface,  were  inserted  into  the  lest  line.  The  beginning  and  end  of  the  test 
line  were  identified,  respectively,  by  the  signals  produced  by  a DNIl  hi  >ck  and  a bar 
mine  (UK)  emplaced  flush  with  the  surface. 
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Table  6.  Specifications  Utilized  in  Preparing  Mockups  of  Foreign  Mines 


Type 

Shupe 

Dimensions 

Weight 

(Ounces) 

Main  Charge 
(Ounces  of  TNT) 

PMN 

(USSR) 

Cylindrical 

4.5  In.  Diameter  by 
2.2  In.  Deep 

19 

8.4 

P-PMA-1 

(Yugoslavia) 

Rectangular 

Box 

6 In.  Long  by 
2.6  In.  Wide  by 
1.3  In.  Deep 

9.8 

7 

c.  Test  Results.  Figure  66  depicts  a sample  run  made  with  the  detection 
element  centered  on  the  test  line  at  a height  of  1.5  inch  and  the  ratemeter  time  constant 
r = 100  ms.  The  legend  indicates  the  order  and  nature  of  the  targets  in  the  test  line. 

The  test  results  shown  here  are  representative  of  the  performance  of  this  detector. 
Although  the  signal  levels  and  signal-to-noise  (S/N)  ratio  for  specific  targets  could  be  in- 
creased or  decreased  by  varying  the  test  parameters,  no  target  buried  deep  enough  to 
escape  detection  in  this  trace  could  be  discerned  in  any  other  test  run.  In  each  instance, 
ti»e  mines  emplaced  at  0 and  0.5  inch  were  detectable,  as  were  the  empty  PMN  and  M-14 
mine  cases  emplaced  flush  with  the  surface  and  the  empty  M-25  mine  case.  In  each  in- 
stance, the  PMN  mines  yielded  the  strongest  signal  and  the  M-14  mines,  the  weakest. 
Neither  fort/.i  mine  emplaced  at  1 inch  could  be  detected. 

Parameters  varied  for  these  tests  were  scan  speed  V,  ratemeter  time  con- 
stant r,  detector  height  h,  and  lateral  displacement  of  the  searchhead.  Figure  67  illus- 
tri’Ls  the  effects  of  varying  r.  The  portion  of  each  trace  to  the  left  of  the  heavy,  vertical 
line  was  obtained  with  the  detector  stationary;  consequently,  the  signal  fluctuations 
shown  are  due  almost  entirely  to  statistical  noise.  Note  that  as  t increases,  the  ampli- 
tude of  these  statistical  variations  decreases.  By  visually  projecting  these  statistical  varia- 
tions across  the  traces,  one  may  conclude  that,  given  the  ideal  conditions  of  the  test  lane, 
no  other  source  of  noise  is  significant.  From  Figure  67  it  also  may  be  concluded  that 
the  S/N  ratio  for  u target  at  a given  scan  speed  varies  with  r.  In  general,  the  larger  the 
target  diameter,  the  higher  the  optimum  value  of  r.  From  a visual  inspection  of  the 
data,  it  was  determined  that  ~ 100  ms  worked  best  for  an  M-14  and  that  ~ 150  to  250 
ms  worked  best  for  a PMN.41  However,  since  in  all  cases  the  M-14  posed  the  more  diffi- 
cult detection  problem,  further  tests  were  performed  with  r = 100  ms. 


41  It  can  lie  shown  that,  in  counting  random  cventu  with  a ratemeter,  the  optimum  operating  condition  for  detect- 
ing a transient  increase  in  the  mean  counting  rate  in  ache  ted  when  r a O.Bt,  where  t in  the  duration  of  the  tran- 
sient. However,  it  also  can  be  shown  that  transient  detection  docs  not  degrade  rapidly  as  r is  varied  from  this 
value.  'Hie  reader  may  readily  verify  that  agreement  with  this  result  was  obtained  in  the  present  case.  [K.  G. 
Purges,  Detection  of  Transients  in  Nuclear  Surveillance  - (Usuntinq  Channels,  Report  No.  ANL-7470,  Argonnc 
National  Laboratory  (Nov  l%(i),| 
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[;  Figure  68  illustrates  the  effect  of  varying  detector  height.  Note  that,  as 

l h increases,  the  S/N  lalio  decreases  for  all  targets,  although  this  effect  is  of  greater  im- 

! portance  for  the  smaller  targets.  Over  the  designated  operating  range  of  1.5  to  3.0  inches, 

tin  S/N  ratio  for  a PMN  decreased  by  20  percent ; whereas,  for  an  M-14  the  S/N  ratio 
| dec  ireased  by  50  percent.  The  change  in  the  no-mine  signal  over  the  soil  us  h was  varied 

was  far  more  stable:  over  the  1.5-  to  3.0-inch  operating  range,  the  signal  increased  by 
less  than  5 percent.  This  indicated  that  minor  changes  in  soil  microrelief  would  not  pro- 
duce false  alarms. 

Figure  69  illustrates  the  effects  of  displacing  the  sensor  to  the  left  or 
right  of  the  test  line.  The  larger  targets  (P-PMA-1  and  PMN)  showed  essentially  no  de- 
crease in  S/N  for  left  or  right  displacements  of  at  least  1 inch.  The  M-14  and  M-25,  on 
the  other  hand,  showed  marked  decreases  for  even  0.5-inch  displacements.  Since  the 
design  goal  for  each  detection  element  of  the  searehhead  was  to  cover  a 2-inch-widc 
swath,  the  marked  drop  in  S/N  for  an  M-14  passing  the  detection  clement  1 inch  off 
axis  (50-percent  drop  for  1 -inch  right  displacement,  85-percent  drop  for  1 -inch-left  dis- 
placement) indicated  that  a target  the  siy.e  of  an  M-14  could  pass  readily  under  the 
searehhead  and  still  not  be  detected. 

In  addition  to  the  tests  performed  in  the  Mine  Lanes,  the  detector  was 
employed  in  tests  along  dirt  roads  and  in  grassy  ureas  of  Fort  Belvoir  in  order  to  assess 
the  detector’s  potential  fulse-alarm  rate  under  real-world  conditions.  Although  no 
attempt  was  made  to  record  or  analm:  the  detector’s  performance  under  these  condi- 
tions, it  was  clearly  determined  that  operating  the  detector  in  areas  with  even  moderate 
vegetution  resulted  in  continuous  false  alarms:  small  clumps  of  grass  alwuys  yielded  sig- 
nals as  strong  as  those  obtained  for  a surface-emplaced  M-14.  The  PMN  mine  posed  a 
better  target,  but  even  the  signal  from  this  mine  could  be  lost  in  sufficiently  lush  vegeta- 
tion. Only  in  areas  with  no  visible  vegetation  did  the  fulse-alarm  rate  drop  to  a reasonable 
level.  In  this  environment,  the  detector  could  reliably  detect  PMN  mines  buried  at  depths 
of  up  to  0.5  inch,  although  it  could  not  reliably  detect  surface-emplaced  M-14’s  due  to 
the  limited  coverage  of  the  detection  elements. 

20.  Breadboard  Searehhead:  Man-tV-fnblc  Detector  of  Antipersonnel  Mines 
(Geometry  (b)).  This  searehhead  was  d siim  d and  fabricated  under  a modification  to 
contract  I) AAK.02-7 1 -( 1-0359  with  the  N ueic>..-Ci<ieago  Corporation  after  pr,*liminary 
testing  of  the  previously  fabricated  coaxial  - ehhead  hud  repealed  its  deficiencies.  The 
design  objectives  of  this  latter  searehhead  were  tv.  .-'old;  (1)  Jo  enable  the  detection  of 
a surface-emplaced  M-14  mine  in  a moderately  vegetative  environment  and  (2)  to  assure 
the  detection  of  an  M-14  mine  passing  anywhere  beneath  he  searehhead.  The  search- 
head  employed  a 90  Sr/90  Y beta  source  and  small  Geiger-P  hud)  detectors  to  effect 
height  compensation,  along  with  241  Am  gamma  sources  and  ' slv'Na)  scintillation  detec- 
tors for  target  detection.  (See  paragraph  16) 
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Figure  68.  Effects  of  varying  detector  height. 
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a.  Description.  Figure  70  is  a sketch  of  the  breadboard  searchhead.  It  con- 
sisted of  six  detection  elements  unequally  spaced  about  a 4-inch-diameter  circle. and  a 
single,  cylindrical  source  collimator/shield  placed  at  the  center  of  that  circle.  Structural 
support  was  provided  by  two  spaced,  aluminum  disks;  a separate  cover  plate  was  pro- 
vided to  sliield  the  exit  port  of  the  source  cylinder  when  the  searchhead  was  not  in  use. 

The  spacing  of  the  detection  elements  was  such  that,  when  the  searchhead 
was  laterally  scanned,  each  element  viewed  a nonoverlapping,  0.75-inch-wide  swath. 

Each  element  consisted  of  a lead-shielded,  1 -inch -diameter  by  1/8-inch-thick  CsI(Na) 
scintillator,  coupled  to  an  11CA  C3I016F  photomultiplier  and  placed  above  a 1 -inch- 
diameter  by  1.5-inch-long,  cy  lindrical  lead  collimator,  /in  Amperex  18550  (623)  GM 
tube  was  positioned  in  the  collimator  with  the  tube  axis  0.5  inch  below  the  lower  face  of 
the  scintillator. 


The  lead  source  cylinder  (positioned  between  the  aluminum  support 
disks),  contained  four  300-mCi  241  Am  gamma  sources  — each  with  its  own  collimator  — 
and  a 1-mCi  90  Sr/90  Y beta  source  positioned  at  the  bottom  of  the  cylinder.  In  the 
electronics  package,  four  external  potentiometers  were  provided;  these  controlled  beta 
offset,  beta  slope,  gamma  offset,  and  gamma  slope.  Before  using  the  searchhead,  it  was 
necessary  to  follow  a calibration  procedure  to  adjust  these  potentiometers  for  the  local 
soil  conditions.  (See  paragraph  16,  especially  Figure  37,  for  explanation.)  Output  of 
the  electronics  section  could  be  displayed  on  a meter  or  remotely  recorded  on  a strip- 
chart  recorder. 


b.  Test  Conditions.  By  the  time  of  delivery  of  the  breadboard  searchhead, 
it  already  had  been  determined  that,  given  the  theoretical  limitations  of  the  photon- 
backseatter  approach,  no  mine  detector  utilizing  this  principle  would  find  acceptance 
within  the  Army  system.  Consequently,  only  limited  acceptance  testing  of  the  bread- 
board searchhead  was  performed. 


Tests  were  performed  in  the  Mine  Lunes  Test  Facility  in  order  to  facili- 
tate reproducible  positioning  of  the  searchhead  and  recording  of  the  data.  The  soil 
sample  used  for  these  tests,  however,  was  taken  as  a single  block  from  a grassy  area  of 
Fort  Belvoir.  No  attempt  was  made  to  quantitatively  assess  the  organic  and  water  con- 
tent of  this  sample;  qualitatively,  it  was  moist  and  fully  covered  by  grass  and  weeds.  The 
only  target  used  for  these  tests  was  an  M-14  mine  cast:,  filled  with  1 ounce  of  DNT  and 
buried  flush  with  the  soil  surface. 


c.  Test  Results.  After  calibration  of  the  searchhead  over  the  soil  sample, 
tests  were  run  at  three  heights:  2,  2.5,  and  3.5  inches.  (See  Figure  71.)  Scans  at  heights 
below  2 inches  were  precluded  by  irregularities  of  the  soil.  Scan  speed,  although  not 
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110 


measured,  was  extremely  low  (<  0.5  ft/s);  data  were  recorded  only  for  the  detector  ele- 
ment passing  directly  over  the  target. 

The  S/N  ratio  measured  for  the  M-14  varied  from  a high  of  ~ 2 at  h = 2 
inches  to  a low  of  ~ 1.5  at  h = 3.5  inches.  It  must  be  emphasized,  however,  that,  unlike 
in  the  case  of  the  coaxial  detector,  the  “noise”  we  now  refer  to  is  due  to  surface  irregu- 
larity and  differences  in  organic  and  water  content,  as  well  as  to  statistical  variations. 
Under  identical  conditions,  the  coaxial  detector  was  totally  unable  to  detect  the  M-14. 
On  the  negative  side,  it  must  be  remembered  that  this  searchhead  must  be  calibrated  for 
each  type  of  soil  encountered.  Figure  72  shows  the  result  of  using  the  searchhead,  while 
calibrated  fcp  grass,  over  a gravel  test  bed  in  which  a P-PMA-1  mine  has  been  emplaced. 
Clearly,  variations  in  the  background  are  prohibitively  large. 

d.  Conclusions,  Tests  of  the  breadboard-model  searchhead  demonstrated 
that  it  did  meet  its  design  goal  of  detecting  surface-emplaced  M-14  mines  in  moderately 
vegetative  arcus.  No  offset  tests  were  performed  to  determine  if  this  searchhead,  like 
the  couxiul  searchhead,  had  a coverage  problem.  However,  logic  (and  contractor- 
performed  tests)  indicate  that  the  searclihead  did  not  suffer  from  such  problems  (each 
detection  element  viewed  a 0.75-inch-wide  swath  instead  of  the  2-inch-wide  swath  in 
the  couxial  design).  Principal  deficiencies  of  this  breudbourd-model  uetector  were  its 
slow  scan  speed  (~  0.5  ft/s),  narrow  coverage  (4-inch-wide  swath),  and  need  for  calibra- 
tion before  use. 

21.  Breadboard  Searchhead:  Man-Portable  Detector  of  Antipersonnel  Mines 
(Geometry  (c)).  This  searchhead  was  designed  and  fabricated  by  the  Industrial  Nucleon- 
ics Corporation  under  Contract  DAAK02-72-C-0619.  The  seurehheud  was  developed 
concurrently  with  the  development  of  the  geometry -(b)  searchhead  by  TND.  The  major 
design  objectives  for  this  searchheud  were  identical  to  those  for  the  geometry -(b)  search- 
heud,  numcly:  (1)  to  detect  surfacc-cmpluccd  M-14  mines  in  moderately  vegetative 
mediu,  and  (2),  to  detect  M-14  mines  passing  anywhere  beneath  the  searchhead.  As  u 
secondary  design  objective,  it  wus  intended  that  the  it  values  obtuined  by  this  search- 
head  for  M-14  mines  be  essentially  independent  of  searchhead  height  over  the  designated 
operating  range  h = 2 to  5 inches.  Height  compensation  of  the  searchhead  was  to  be 
accomplished  by  the  K-edge  filler  technique  (see  paragraphs  lie  and  17),  although  the 
delivered  breadboard  detector  was  neither  optimized  for  the  implementation  of  this 
technique  nor  capable  of  the  necessary  real-time  signal  processing, 

a.  Description.  The  searchheud  consisted  of  two  1-inch-diuinctcr  Nul  (T  H) 
scintillators  coupled  to  2-inch-diameter  photomultipliers.  (Employment  of  2-inch- 
diameter  instead  of  1-inch-diumcter  photomultipliers  was  u mistake  on  the  part  of  the 
detector  vendor.  The  performance  schedule  of  the  contract  precluded  rectification  of 
this  error.)  Collimation  wus  provided  by  1.5  inch-long,  variable-hole-diameter  bruss 
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cylinders  (sec  paragraph  17).  The  detector  axes  were  tilted  toward  each  other  so  that 
both  detectors  viewed  the  same  area  on  tlx;  soil  surface  for  h = 2.5  inches,  A thin  Ru 
foil  was  placed  in  front  of  otic  of  the  cylinders.  The  source,  1 Ci  of  241  Am,  Wb.s  housed 
in  a lead  cylinder  between  the  detectors  and  was  shielded  by  a spring-loaded  lead  shutter 
when  the  scnrchhcud  was  not  in  operation.  When  the  shutter  was  open,  the  source 
irradiated  the  entire  area  below  the  scarchhcad.  The  electronics  package  for  this  search- 
head  was  in  the  form  of  NIM  modules:  high-voltage  supply,  linear  amplifier,  single- 
channel  analyzer,  and  printing  scaler/timer.  Output  from  both  detectors  could  be  proc- 
essed and  recorded  simultaneously. 

b.  Test  Conditions.  Tests  were  performed  by  the  contractor  with  the  appa- 
ratus and  under  the  conditions  described  in  paragraph  !7.  in  addition,  some,  very  limited 
tests  were  performed  at  the  Fort  Belvoir  Mine  Lanes  'Pest  Facility  utilizing  a level  and 
essentially  uniform  piece  of  sod  over  a gravel  base  as  the  test  medium.  The,  turget  for  all 
tests  was  an  M-l 4-mine  case  filled  with  1 ounce  of  DNT.  All  measurements  for  this 
scarchhcad  were  made  in  a static  configuration  and  with  long  count  times.  Consequently, 
statistical  variation  in  the  dala  was  not  significant. 

e.  Test  Results.  It  was  empirically  determined  by  the  contractor  that  the 
quantity  Ni2/Nj  (where  Nt  and  N2  ure  tlu:  total  number  of  counts  obtained  by  the 
filtered  and  unfillcrcd  detectors,  respectively)  represented  a good  figure  of  merit  for 
target  detection.  It  must  he  emphasized,  however,  that  the  scarchhcad  was  not  opti- 
mized for  height  compensation  and  that  this  figure  of  merit  was  not  the  result  of  an 
analysis  of  signal -processing  techniques.  Figures  75  through  76  show  N , 2 /N 2 as  a func- 
tion of  position  for  sevcrul  values  of  h for  each  of  the  soil  types  considered  (sand,  road- 
bed, humic,  and  grass-covered  humic).  In  each  ease,  the  axis  of  the  target  was  at  Y = 0. 
Tlu  :se  figures  indicate  that  an  M-l 4 could  he  detected  by  a searchheud  of  this  kind  over 
the  range  of  h values  considered  for  ail  soil  types  except  the  grass-covered  humic.  In  this 
last  ease,  for  constant  values  of  It,  the  target  wus  clearly  discernible.  However,  the  count- 
rate  was  found  to  vary  too  greatly  with  scarchhcad  height  to  permit  reliable  detection 
in  tlu*  field.  Without  additional  effort,  it  cannot  he  determined  if  the  target -masking 
effects  of  insufficient  height  compensation  could  he  overcome  by  belter  sensor  design 
or  signal  processing. 

The  tests  performed  at  Fort  Belvoir  did  not  attempt  to  achieve  height 
compensation:  the  sod  employed  was  as  uniform  and  level  as  possible,  and  only  differ- 
ences in  the  unfiltered  countrale  were  considered.  These  tests  showed  that  an  R value 
of  ~ 1.5  was  attainable  for  a surfaee-emplaeed  M-l 4 in  moist  sod. 


d.  Conclusions.  Tests  of  (he  geometry-(e)  breadboard-model  scarchhcad 
demonstrated  that  an  uneollimated-souree  - colliinated-deleetor  design  can  detect 
surface-emplaced  M-l 4 mines  in  moderately  vegetative  areas.  No  attempt  was  made  to 
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assess  the  coverage  potential  of  this  design,  although  there  is  no  reason  to  expect  this 
to  be  a problem.  Unlike  those  for  the  TNI)  searehhe.id,  R values  for  the  geometry -(e) 
searchhead  remained  essentially  constant  for  h = 2 to  5 inches.  This  however,  was 
achieved  at  the  expense  of  countratc;  it  was  for  this  reason  '.hat  only  static  measure- 
ments were  made.  Finally,  the  geometry -(c)  searchhead  demonstrated  thi  potential 
feasibility  of  utilizing  the  K-edge  filter  technique  to  achieve  height  compensation, 
Although  by  nc  means  certain,  tills  technique  does  look  promising. 

V.  ‘iiiMMARY  AND  CONCLUSIONS 

22.  Summary  and  Conclusions.  X-ray  and  gamma-ray  backscaDering  have  been 
examined  from  theoretical  and  experimental  viewpoints,  and  observed  results  have  been 
explained.  Development  and  testing  of  experimental  detectors  using  these  principles 
have  been  described.  Inherent  limitations  of  the  backseuttcr  approach  have  been  iden- 
tified. Principal  among  these  limitations  are  the  litniLcd  penetration  depth  of  photons 
of  useful  energy  and  the  sensitivity  t<  naturally  occurring  low-Z  materials  (especially 
vegetation).  It  is  concluded  that  these  limitations  outweigh  the  capabilities  of  the 
backscutter  approach  when  viewed  from  a practical  military  standpoint. 
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APPENDIX  A 


MONTE  CARLO  CALCULATIONS 


In  June  1969,  personnel  of  the  Nuclei  Effects  Laboratory  (NEL),  Edgewood 
Arsenal  (later  purl  of  the  Ballistic  Research  Laboratories  (BRL),  Aberdeen  Research  and 
Development  Center),  undertook  to  perforin  certain  Monte  Carlo  calculations  in  support 
of  the  photon-backscutter  mine-detection  program.  It  is  the  purpose  of  this  appendix  to 
discuss  the  nature  and  results  of  these  calculations  as  they  relate  to  that  program.  The 
basic  Monte  Carlo  program  utilized  in  performing  these  calculations  is  available  from 
Oak  Ridge  National  Laboratory.  A1  Aa  A discussion  of  the  correlated  sampling  tech- 
nique employed  by  NEL  may  be  found  in  a BRL  report. A,< 

For  purposes  of  these  calculations,  the  following  physical  model  was  employed 
(see  Figure  A- 1 ) : A disk  of  dinitrobenzene  (I)NB),  9 inches  in  diameter  by  3.5  inches 
thick,  wus  emplaced  at  depths  (d)  of  2 and  4 inches  in  a dry,  homogeneous  soil  medium. 
Chemical  composition  of  both  DNB  and  soil  are  shown  in  Table  A-l.  A monoenergetic 
photon  flux  at  energies  of  70,130,  and  200  keV  was  assumed  normally  incident  within 
a 1.75-ineh-diameter  circle  on  the  soil  surface,  the  center  of  the  circle  being  on  the  axis 
of  the  buried  DNB  disk. 

Given  the  above  input  parameters,  the  computer  generated  the  following  data  for 
two  cases  (target  present  and  turget  absent):  the  number  and  energy  of  photons  (per 
incident  photon  per  square  centimeter)  baekscattcred  from  the  soil,  normal  to  the  soil 
surface,  within  the  radial  (R)  intervals  0 to  2,  2 to  4,  4 to  6,  6 to  8, 8 to  12,  12  to  17, 

1 7 to  22,  and  22  to  28  cm.  (R  = 0 corresponded  to  the  axis  of  the  target.)  Note  that 
this  model  corresponds  to  a vertically  collimated  source  and  a vertically  collimated 


S.  K.  Penny,  I).  K.  Trubcy,  and  M.  It,  Emmett,  OGRE,  A Mon  to  Carlo  System  for  Gamma-Ray  Transport  Studios 
Inclutling  an  Example  (OG RE-PI  j for  Transmission  through  Laminated  Slabs,  Report  ORNL-3005,  Oak  Ridge 
National  laboratory  (1900). 

A ' I).  K.  Trnbey  and  M.  it.  Emmett,  OGRE-G,  An  OGRE  System  Monte  Carlo  Code  for  the  Calculation  of  Gamma- 
Ray  Dose  at  Arbitrary  points  in  an  Arbitrary  Geometry,  Report  ORNL-TM-1212,  Oak  Ridge  National  Labora- 
tory ( 1 900). 

A'*  W A.  Coleman,  Calculations  on  lln  Sensitivity  of  the  X-Ray  Field  Rack  scattered  from  Soil  Due  to  Subterranean 
Material  Differences,  Report  ltKL-R-1537,  itdlietie  Reaeareli  Laboratories  ( ) 971 ). 
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detector,  i.e.,  geometry  (b),  (paragraph  6).AA  (See  Figure  7.)  Results  for  E()  = 130  keV 
an<l  <1  = 2 inches  are  shown  in  Figure  A-2;  results  for  E = 200  keV  and  d = 4 inches 
are  shown  in  Figure  A-3.as  Af) 


Table  A-l.  Chemical  Composition  of  I)NB  and  Soil  Used  for 
Monte  Carlo  Calculations 


Element 

Soil  (g/em3) 

DNB  (g/em3) 

11 

0.0195 

0.0343 

C 

0.1 37H 

0.6171 

N 

0 

0.2400 

0 

0.5616 

0.5406 

Mg 

0.0026 

0 

Al 

0.1 872 

0 

Si 

0.2626 

0 

Ti 

0.0091 

0 

Ee 

0.1196 

0 

Total 

1.3 

1.44 

In  Figure  A-2,  a maximum  may  be  seen  to  exist  in  the  00  to  90-keV  energy  bin  for 
all  values  of  R,  the  relative  magnitude  of  this  maximum  decreasing  as  R increases.  For 
R = 0 to  2 centimeters,  and  probably  for  R = 2 to  4 centimeters,  the  major  contribu- 
tion to  this  maximum  comes  from  single  scatter,  which,  for  these  small  R-values,  is  not 
geometrically  excluded.  ( F^  s - 06.10  keV.)  The  continued  presence  of  this  maximum 
for  larger  values  of  R may  be  seen  to  be  due  to  double  scatter,  since  for  this  particular 
ease  ( 0 = 100°)  all  double-scattered  photons  will  exit  the  medium  at  the  single-scatter 
energy,  (The  reader  wishing  clarification  of  this  point  is  referred  to  USAMERDC  Report 
2097. A7)  A similar  situation  may  be  seen  to  obtain  for  tin1  100  to  120-keV  bin  in 


AA  By  requiring  that  the  backseat tcred  photons  exit  the  medium  normal  to  the  surface,  perfect  detector  collima- 
tion  has  been  assumed.  For  real  detectors,  however,  the  solid  angle  subtended  by  the  detector  at  the  final 
scatter  point  in  the  medium  will  vary  with  the  depth  of  that  scatter  point.  As  a result,  some  lack  of  agreement 
between  computed  and  experimentally  obtained  results  may  be  expected.  Kobcrl  (Jenet,  Raff  Associates, 
Silver  Spring,  Maryland,  private  communication  (1973). 

A,>  Although  it  is  customary  to  present  data  of  this  kind  in  the  form  of  histograms,  we  have  elected  to  connect  the 
midpoints  of  the  energy  intervals  to  fonn  simulated  pulse-height  spectra.  This  was  done  to  emphasize  the 
difference  between  spectra  for  the  mine-present -mine  absent  eases. 

A**  No  spectral  data  are  shown  for  the  E -•  70-ke V,  d *=  2-inch  case  since  the  great  iiuyn  <tv  of  the  baekseattered 
photons  was  found  to  fall  within  two  10-keV-widc  cnorry  bins. 

A7  K.  I,.  Roller  and  It.  G.  Conley,  Computed  V.nergy  Distribution  of  Double-Scattered  Photon t.  Ob  turned  for 
Purposes  of  Mine  Detector  Design  Analysis,  USAMERDC  Report  2097  ( 1973). 
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Figure  A-3.  Note  that  Figures  A-2  and  A-3  demonstrate  a very  rapid  decrease  in  the 
number  of  normally  b,'  ckscattered  photons  as  R increases. 

Figures  A-4  through  A-6,  respectively,  show  the  increase  in  backscatter  flux 
(A  d>/0),  with  the  target  present  versus  target  absent,  integrated  over  energy,  for  tliree 
cases:  EQ  = 70  keV,  d - 2 inches;  Eo  = 130  kcV,  d = 2 inches;  and  Eq  = 200  keV, 
d = 4 inches.  Figure  A-5  also  shows  A 0/0  for  each  of  two  energy  components  of  the 
backscatter  flux:  40  to  80  keV  arid  80  to  110  keV. 

Figure  A-5  appears  to  reflect  experimental  results  the  most  accurately:  A 0/0  is 
seen  to  increase  with  R until  R as  target  radius  (~  11.4  cm  in  this  case).  Beyond  this 
point,  A 0/0  decreases  but  does  not  drop  immediately  to  zero.  The  lower  energy  com- 
ponent of  the  target  signal  decreases  considerably  more  abruptly  at  the  target/soil  inter- 
face than  does  the  higher  energy  (80  to  110-keV)  component,  as  might  be  expected  due 
to  the  sudden  increase  in  photoelectric  cross  section  at  this  point.  Figures  A-4  and  A-6 
aiso  show  decreases  in  A 0/0  as  R increases  past  the  edge  of  the  target;  although  these 
changes  are  not  as  pronounced  as  in  the  Eo  = 130-keV  case/8 

Finally,  Figures  A-7  through  A-14  depict  computed  backscatter  spectra  obtained 
for  the  same  source  and  target/soil  conditions  specified  above  (for  Eo  = 130  keV,d  = 2 
inches),  but  relaxing  the  constraint  that  only  photons  backscattered  normal  to  the  sur- 
face shall  contribute.  Note  that  the  ordinate  values  shown  in  these  figures  are  no  longer 
in  photons/cin2 , but  are,  rather,  the  total  number  of  photons  backscattered  within  rings 
specified  by  their  respective  radial  intervals.  Since  the  area  of  these  rings  increases  as  R 
increases,  the  fluence  is  actually  a decreasing  function  of  R.  Physically,  the  spectra 
shown  would  correspond  to  those  obtained  by  uncollimated  ring  scintillators  with  100- 
percent  efficiency.  As  a result,  detector  response  is  no  longer  independent  of  height,  and 
each  figure  corresponds  to  one  ring  detector  varied  in  height  from  0 to  18  inches.  These 
figures  demonstrate  that,  for  this  geometry,  (1)  countrate  varies  as  a function  of  detec- 
tor height,  and  (2)  A 0/0  values  are  very  low  compared  to  those  obtainable  with  geometry 
(b)  and  vary  with  detector  height.  It  should  be  noted  that  the  collimated-source- 
uncollimated-detector  geometry  was  never  investigated  for  mine  detection  and  that  these 
computational  results  only  reinforced  our  intuitively  reached  conclusions. 


A word  of  caution  in  in  order  in  interpreting  those  results:  because  Monte  Carlo  computations  consist  of  follow- 
ing the  histories  of  indi"  idua>  photons,  statistical  errois  are  often  significant.  (Each  of  the  cases  discussed  re- 
,ulted  from  the  comp.a'ion  of  10,000  photon  histories.)  As  a result,  the  lower  the  total  number  of  photons 
scattered  to  a given  radial  interval,  the  higher  the  statistical  error  in  that  number.  Thus,  for  example,  the  percent 
relative  standard  error  for  <t>  for  Eq  = 130  keV  is  1.6  percent  for  R = 24  cm  and  B.l  percent  for  R = 17-22  cm. 
The  number  of  recorded  events  also  affects  the  statistical  certainty  of  the  A <t>l<t>  values;  but,  because  of  the 
correlated-sampling  technique  employed,  the  percent  relative  standard  errors  generated  for  this  quantity  arc  still 
not  unreasonable.  Eor  example  for  Eq  = 1 30  keV,  the  error  is  2.5  percent  for  R = 24  cm  and  10.6  percent  for 
R = 17  to  22  cm. 
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Figure  A-4.  Fereenl  increase  in  $ for  li  = 70  keV  and  (1  = 2 inches. 
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Figure  A-!3.  Percent  increase  in  <t>  for  Eo  - 130  kcV  and  <1  r 2 inches. 
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APPENDIX  B 


STATISTICAL  ANALYSIS  OF  BACKSCATTER  MINE  DETECTION 


Since  the  emission  and  scattering  of  radiation  are  both  random  processes,  the  num- 
ber of  counts  observed  by  a backscatter  detector  during  an  interval  T can  be  represented 
by  a Poisson  distribution.  For  a sufficiently  large  count,  this  can  be  approximated  by  a 
Gaussian  distribution,  wliich  is  continuous  rather  than  discrete: 


1>(N)  = 


o \Z2tr 


exp 


b m 


where  P(N)  is  the  probability  that  N counts  will  be  observed  in  the  interval  T if  N is  the 
mean  number  observed  in  many  such  intervals.  The  standard  deviation  o of  the  distribu- 
tion is  given  by: 


0-  s yfW 


for  sufficiently  large  N. 


In  the  case  of  mine  detection,  let  N be  the  mean  number  of  counts  observed  during 
a time  T over  unmined  soil,  and  let  M be  the  corresponding  value  over  a buried  mine.  The 
distribution  of  counts  in  each  case  is  shown  in  Figure  B- 1 . Note  that  M is  larger  than  N 
localise  the  backseattered  flux  is  greater  over  the  mine.  The  stundard  deviation  of  the 

“mine-present”  count  is  tin  tn  VS  , and  the  standard  deviation  of  the  “mine-absent” 

count  is  VW.  I n order  to  detect  the  mine,  it  is  necessary  to  establish,  at  some  number 
of  counts  1,,  an  alarm  threshold  which  lies  between  M and  N.  Whenever  an  individual 
count  exceed:!  L,  an  alarm  is  given.  It  can  be  seen  from  Figure  B-l  that  a portion  of  the 
“mine-present”  distribution  lies  below  L and  that  a portion  of  the  “mine-absent”  distri- 
bution lies  above  L.  These  facts  will  lead  to  undetected  mines  and  false  alarms,  respec- 
tively. For  reliable  detection,  it  is  desired  to  minimize  these  overlapping  portions  of  the 
distribution  curves.  Since  the  ratio  R = M/N  is  fixed  for  a given  detection  situation,  and 
since  the  relative  widths  of  the  distributions  can  be  narrowed  by  increasing  M and  N,  it 
is  possible  to  obtain  any  desired  confidence  level  by  the  use  of  sufficiently  large  counts. 
Such  a procedure  is  limited  in  practice,  however,  by  the  maximum  counting  rate  of  the 
detector  and  by  the  required  speed  of  search,  as  well  as  by  the  allowable  source  size. 

It  is  of  interest  to  determine  the  value  of  N,  the  mean  number  of  counts  over  un- 
mined soil  in  the  interval  T,  which  is  necessary  to  provide  the  required  degree  of 
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certainty  of  detection  and  certainty  against  false  alarms. 


The  probability  PDof  detecting  a mine  which  is  present  is  given  by 


‘ f exp  U 
'2jrM  \ L M J 


wliich  is  simply  the  integral  of  the  portion  of  the  “mine-present”  distribution  lying 
above  the  threshold  L.  This  integral  can  be  reduced  to 


PD  = J4 


[■*»(?*)] 


where  H is  defined  as  the  error  function  and  is  tabulated  in  st;  ndard  mathematical  tables. 

Similarly,  the  probability  Pp  that  a count  of  duration  T (which  is  sufficient  to  pro- 
duce an  average  count  N)  over  unmined  soil  will  result  in  a statistically  induced  false 
alarm  is  given  by 

f ctJ.y,  ] dN, 

V 2«rN  \ L N J 


which  reduces  to 


**p  = V, 


where  11  is  again  the  tabulated  error  function. 

For  a given  value  of  R = M/N,  it  now  is  possible  to  determine  the  lowest  value  of 
N which  will  simultaneously  produce  any  values  of  Pp  and  PF  desired.  Calculations 
have  been  carried  out  for  values  of  R ranging  between  1,1  and  2 and  for  values  of  Pp 
and  Pp  from  0.90  to  0.9999  and  from  0.10  to  0.0001,  respectively.  The  results  are 
shown  in  Figure  H-2.  Note  that  complementary  P,;  and  P^,  values  have  been  coupled  for 
simplification,  although  this  is  not  necessary  (i.c.,  curves  are  shown  for  Pp  = 0.90  while 
Pp  = 0. 1 0,  for  pp  = 0.99  while  Pp  = 0.01 , etc.).  Using  these  results,  it  is  possible  to  ob- 
tain an  estimate  of  the  counting  rate  required  for  a given  ratio  (R),  forward  speed  (V), 
mine  size  (Q),  and  degree  of  confidence  desired.  The  necessary  counting  rate  C is  given 

Uy 

,,  , v 1.47  (ft/s  / rni/h)  N (counts)  V (mi/h) 

M,ps)  Q(fl) 
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For  example,  consider  the  case  of  a vehicle-mounted  detector:  The  ratio  R for  a mine 
buried  2 inches  below  the  surface  has  been  determined  to  be  about  1.3,  neglecting  dis- 
turbed-soil effects.  If  the  mine  is  1 foot  across,  the  desired  forward  speed  3 mi/h,  the 
degree  of  certainty  of  detection  0.999,  and  the  allowable  false  alarm  rate  1 per  1,000 
feet  of  forward  travel,  the  value  of  C can  be  seen  to  be  abou  2,200  cps.  For  a single 
scanning  lane,  if  the  confidence  levels  were  reduced  to  PD  = 0.99  and  = 1 per  100 
feet,  the  required  counting  rate  would  be  about  1 ,200  cps. 

Other  desired  values  could  be  chosen  for  the  parameters,  and  the  resulting  required 
countrate  could  be  found;  but,  the  general  result  of  this  analysis  is  that  the  countrate 
probably  should  be  at  least  several  thousand  per  second  for  a vehicular-mine  detector. 

It  must  be  noted  that  although  a high  countrate  has  obvious  advantages,  it  also  carries 
penalties:  Higher  source  strength  is  required,  which  leads  to  greater  power  requirements, 
increased  weight,  and  higher  radiation  exposure  to  operating  personnel.  In  addition, 
faster  detectors  and  counting  circuitry  are  required.  Clearly,  u compromise  is  necessary, 
and  the  final  design  must  be  determined  by  experiment. 

It  should  be  noted  that  this  analysis  has  considered  only  statistical  fluctuations  in 
the  countrute.  The  effect  of  height  variations  and  differences  in  soil  composition  and 
density  will  he  to  increase  or  decrease  the  countrate  from  its  average  value.  For  the  pur- 
pose of  considering  Pn  , it  should  he  assumed  that  such  effects  will  decrease  the  countrate 
just  at  the  time  when  the  detector  is  over  u mine,  thus  tending  to  mask  the  mine’s  presence. 
In  considering  Pp , it  should  he  assumed  that  the  countrate  will  he  increased  over  “inno- 
cent'’ ground,  tending  to  create  false  ularms.  The  net  effect  is,  therefore,  a broadening 
of  the  “Mine- present”  and  “Mine-absent”  distributions  toward  the  threshold  (i.e.,  toward 
each  other)  and  a consequent  degradation  of  detector  performance.  The  extent  of  these 
effects  could  be  determined  only  by  field  testing. 
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